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1. COLOUR CENTRES IN GLASSES

1.1. Introduction

The studies published nowadays on colour centres in glasses tend more and
more in the direction of a fundamental investigation of the structure rather
than a phenomenological description of these colour centres in various glasses.
This trend has been accelerated by the rapid development of more sensitive
electron-spin-resonance (ESR) equipments in recent years. The combined in-
formation obtained from ESR- and optical-absorption spectra has led to a
better understanding of the structure of the glasses and of the radiation-in-
duced imperfections, which are referred to as colour centres. In this study an
attempt will be made to derive from optical and ESR investigations improved
models for the structure of the borate, phosphate and borophosphate glasses
and the colour centres induced in them by X-rays.

1.2. Radiation effects in glass

Various types of radiation interact with glass, causing a certain discoloura-
tion. This discolouration has been studied by many authors in various glasses
and has been explained in terms of certain imperfections. In accordance with
the nomenclature used for imperfections which give rise to the colouration of
alkali-halide crystals, these imperfections in glass are also called colour centres.
The different types of radiation, such as u.v. light, X- and gamma-rays, all
give rise to the same types of colour centres in a certain glass, only differing in
the intensities of the colouration produced (see e.g. ref. 1). The various kinds
of radiation are absorbed in solids in different ways, depending on their energy.
Ultraviolet light as well as X-rays are mainly absorbed by the photo effect.
Gamma-rays may also be absorbed by means of the Compton effect and pair
formation. All three effects produce free electrons with an energy which is a
function of the incident-photon energy. These free electrons may in their turn
produce changes in the structural units of the glass involved.

For silicon-oxygen networks the possible structural units have been system-
atized by Stevels and Kats 2). One of the types of structural units believed to be
present in a sodium-silicate glass, for example, contains a non-bridging oxygen
ion, its excess of negative charge being compensated by an interstitial sodium
ion. Upon irradiation an electron of the non-bridging oxygen ion may be
removed, whereafter the sodium ion — no longer required as charge compen-
sator — may move to another site in the network now acting as an electron
trap. This reaction is represented by the equation



o O
—O—Sli—O Na" == -O— Ii—@ +Nd'+e.
: :
D-unit *) Q-centre *) (1.1)

In a glass of composition 0-30 Na20 . 0-70 SiOg the number of D-units — if the
excess oxygen ions introduced by the sodium oxide is only taken up in this way —
is of the order of magnitude of 1022/cm3. However, Van Wieringen and Kats 3)
showed by means of ESR measurements that the number of Q-centres induced
by irradiation is of the order of magnitude of 1018 - 1019/cm3, which proves
that only a small part of the D-units could be converted into stable Q-centres.
The presence of D-units is necessary but not sufficient for the formation of stable
Q-centres. Apparently an additional stabilizing factor is involved, which may
depend on the constitution of the direct environment of the centre or in some
cases on the presence of an impurity nearby the centre. In their study on irra-
diated crystalline quartz Stevels and Volger 4) introduced the concept of
“mooring” for sites in the lattice where the sodium ions freed by reaction (1.1)
find a stable position, which they believed to consist of an already existing ir-
regularity, imperfection or impurity (foreign ion) in the lattice. These sodium
ions may capture an electron, forming a colour centre. In this study the concept
“mooring”” may be used for all the colour centres to be discussed if one modifies
the definition as follows: a mooring consists of a certain structure of the net-
work or an impurity in the direct environment of the centre formed upon
irradiation, which stabilizes this centre.

Summarizing, the effects of the irradiation can be described in the following
way. Various structural units (intrinsic or containing impurities) can be dis-
tinguished in a glass. Certain types of units can be converted into colour
centres and will therefore be referred to as active structural units. However,
in practice active structural units will only be converted into stable colour
centres (under the chosen experimental conditions) if stabilizing moorings are
present. These active structural units will hereafter be referred to as progeni-
tors.

These considerations lead to a theory of the formation of colour centres
described in the following section.

*) This nomenclature has been proposed by Stevels and Kats 2).
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1.3. A theory of the formation of colour centres

1.3.1. The maximum number of colour centres formed upon irradiation

In a vitreous system a number N4 of a given type of structural units may be
present which are active structural units. However, only a part p of these ac-
tive structural units (the progenitors) will be converted into stable colour
centres, this fraction being determined by two factors:

{1) An active structural unit may be too stable at the temperature involved to
be converted into a colour centre by a certain type of radiation.

(2) The stabilizing action of a mooring will be a function of the temperature.
Therefore it may be expected that certain active structural units become
progenitors by a change of the temperature.

Now (I — p)N 4 active structural units remain unchanged. However, during
irradiation the moorings of a number of active structural units may be changed
so that an additional number of progenitors is formed. If this mechanism
is operative for a fraction ¢, the total maximum number of stable colour centres
to be formed upon irradiation or the total number of progenitors will be
PN4+q(1 —p) N4. The fractions p and g are determined by the glass compo-
sition, the energy of the radiation used and the temperature.

1.3.2. The kinetics of the formation

The number of progenitors present before irradiation is (cf. sec. 1.3.1)
Npy, = pNa. (1.2)

As the absorption of radiation is a statistical process, the number of progeni-
tors will decrease according to

Np = NPO exXp (—API‘), (13)

where r = radiation dose,
Ap = rate constant
and Np = number of progenitors after dose r.
The number of colour centres as a function of the dose r follows from eq. (1.4)
(fig. 1.1):
N¢ = Npo{l — exp(— /\pl‘)}. (1.4)

During irradiation additional progenitors are formed from a number of ac-
tive structural units Ng,, which will be called potential progenitors (cf. sec.
1.3.1):

Npy = ¢(1 —p)N 4. (1.5)

The number of potential progenitors will thus decrease according to

Ng = NRo €Xp (—/\Rl‘) (1'6)



——» number

1 i 1 1 1 i L 1
—r 105R

Fig. 1.1. The numbers of progenitors (Np) and colour centres (N¢) as a function of the radia-
tion dose r (cf. egs (1.3) and (1.4)).

and will form an additional number of progenitors Np’, which subsequently
will be converted into a number of colour centres N¢’. During irradiation the
number of additional progenitors Np’ will decrease at the same rate as the ini-
tial progenitors Np. Hence

dNp' = (ArNgr — ApNp')dr = {AgNg, exp (—Arr) — ApNp'}dr. 1.7
As Np’ = 0 for r = 0 it follows from eq. (1.7) after integration:
Np" = [ArNRy/(Ap — Ar)] {exp (—Arr) — exp (—Apr)}. (1.8)

Since Nry, = Nr + Np' 4+ N¢' for each value of r, it follows that (fig. 1.2)
N¢' = Neg{1—[1 -+ Ar/(Ap— Ar)]exp (—Arr)— [\&/(Ar— Ap)] exp (—Apr) }.7(1.9)

Ne,
NC
o
Q
g
3
<
, Ne
No
L L - 1 L 1

7
-r 10°R
Fig. 1.2. The numbers of potential progenitors (Npr), progenitors (Np") and colour centres
(N¢”) as a function of the radiation dose. Here Ap has been chosen to be equal to 10 Ag.
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The total number of colour centres which may be formed upon irradiation is
]Vcwl = N¢ + N¢'. (1.10)

Combination of eqs (1.4), (1.9) and (1.10) gives N¢,, as a general solution.
Equation (1.9) may be simplified with the aid of certain approximations. If
Ap > Agr (in words: if the rate of formation of stable colour centres is much
larger than the rate of formation of the additional progenitors), then

N¢' = Npgy {1 —exp (—Arr)}. (1.11)
If Apr <1,
then No' = Ar Ngyr. (1.12)

It may be seen from the above that the number of colour centres is not a simple
function of r (= radiation dose). Therefore, generally speaking, a quantitative
comparison of the numbers of colour centres induced by the same dose r in
different glasses as a function of their composition will be of doubtful value.
However, if

JaNa(r) = foNo(r) = feNe(r), (1.13)

where N¢(r) is the number of colour centres in a glass of composition 7 after a
radiation dose r and f; is a constant for the glass of composition i, it is possible
to compare these numbers in a quantitative way. A slight deviation from this
condition still allows a semi-quantitative comparison, which will do in the cases
where certain trends in the formation of coulour centres are considered in se-
ries of glasses with a gradually changing composition. It must be noted here
that the bleaching effects occurring directly after irradiation have not been taken
into account. However, if all experimental data on the number of colour cen-
tres are recorded after such a period that the equilibrium number of colour
centres has been practically achieved — at the temperature and the radiation
dose in question — the relations concerning the numbers of colour centres
given in this section may be used.

It must be emphasized that in certain cases colour centres of one type may be
converted into centres of another type after prolonged irradiation. In such cases
the number of colour centres of the first type can be calculated by a procedure
similar to that given above, with the additional condition that the colour cen-
tres of the first type are the progenitors of the second type.

REFERENCES

1) A.Katsand J. M. Stevels, Philips Res. Repts 11, 115-156, 1956.

2) J. M. Stevels and A. Kats, Philips Res. Repts 11, 103-114, 1956.

3) J.S.van Wieringen and A. Kats, Philips Res. Repts 12, 432-454, 1957.
4) J. M. Stevelsand J. Volger, Philips Res. Repts 17, 283-314, 1962.
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2. EXPERIMENTAL METHODS

2.1. Preparation of the samples

All the glasses investigated were prepared from reagent-grade chemicals.
After the batch constituents had been mixed thoroughly, they were melted in an
electric furnace with overhead heating by silicon-carbide rods. The firing was
continued at the required temperature until frothing and bubbling ceased. The
borate and borophosphate glasses were melted in platinum crucibles, the
phosphate glasses in zirconia crucibles. Generally, the samples for optical
measurements were ground and polished with carborundum and diamond pow-
der, respectively, in kerosene. However, in some cases the glass obtained was
too hygroscopic to be treated in this way. Especially the phosphate glasses with
a low content of metal oxide have to be handled in a dry atmosphere. Two
methods have been developed to overcome the difficulties in preparing optical
samples of hygroscopical glasses:

(a) The melt is pressed out between two polished steel slabs (13 9 chromium),
which are heated at such a temperature that the surface of the glass sample
becomes sufficiently smooth. The sample is allowed to cool slowly between
the steel slabs in a dry box, which is provided with a stream of 50 I/min dry
air. Inside this box, the glass sample is mounted in a Dewar vessel (fig. 2.1)
for optical measurements, which then is evacuated. The windows of this
Dewar vessel are made of high-quality fused silica, which remains uncolour-
ed upon irradiation in the measuring range (“Spectrosil” quality, from
“The Thermal Syndicate Ltd.”).

(b) The glass sample is ground and polished rapidly with carborundum and
water. The wet, sticky surface of the sample is covered by two thin plates
of fused silica, which remain practically unchanged by radiation doses
sufficient to colour the glass sample. The two plates are fixed to each other
by a quick-drying adhesive *). This method is only applicable to glasses
with a transparent, sticky hydrolysis product.

The samples for electron-spin-resonance (ESR) measurements (dimensions:
15x9x2 mm3) were directly formed from the melt in a graphite mold. The
hygroscopic samples are kept out of contact with the air as much as possible.

2.2, Introduction and detection of the colour centres

The colour centres were introduced in the glasses by irradiation with X-rays
(equipment used: Miiller MH 151/S, 150 kV, 15 mA, with a maximum dose
rate at the tube of 1-:2.108 R/h).

*) This method has been developed by Mr H. J. A. van Dijk; the fused-silica plates were
kindly provided by Dr A. Kats.



Fig. 2.1. Dewar vessel for optical-absorption measurements at low temperatures: (1) glass-
to-metal seal, (2) brass sample holder, (3) ““Spectrosil”” windows, (4) screws.

For the optical measurements at room temperature, the non-hygroscopic
samples were irradiated in air, and the hygroscopic ones in an evacuated vessel
(for the sake of convenience, the Dewar vessel of fig. 2.1 was used).

For the low-temperature optical measurements, all irradiations were perform-
ed in the Dewar vessel of fig. 2.1 (in which the measurements were also made).

For the ESR measurements at room temperature, the non-hygroscopic sam-
ples were irradiated in air. The hygroscopic samples were irradiated in an
evacuated vessel, It was not possible to carry out the ESR measurements in
this same vessel, so these samples were then provided with a quick-drying
coating as a protection against the air during measurement.

For the low-temperature ESR measurements all samples were irradiated in a
polyethylene-foam vessel filled with liquid nitrogen, and then transferred to a
small Dewar vessel fitted to the waveguide (fig. 2.2) for the measurements.

The optical spectra in the range of 1850-12000 A were recorded by a Beckman
DK2 spectrophotometer. The optical path of the equipment was provided with
dry nitrogen in order to obtain better measuring conditions in the “far” u.v.



Fig. 2.2. Dewar vessel for ESR measurements at low temperatures, mounted in a wave guide:
(1) piston, (2) wave guide, (3) sample, (4) fused-silica dewar vessel.

range (1850-2000 A). However, the colour-centre spectra obtained in this

region are less reliable, owing to the following factors:

— the transmission of the fused-silica prism is more wavelength-dependent
in this range;

— the unirradiated samples of the glasses under investigation show a strong
intrinsic absorption in this range;

— the poor optical quality of the samples often gives rise to a stronger ab-
sorption by scattering and reflexion at shorter wavelengths.

Therefore conclusions from the optical measurements in this “far” u.v. range

must be rather tentative. Apart from the factors effecting the precision of the

optical spectra in the“ far” u.v., a quantitative comparison of the spectra of the

whole range is still somewhat doubtful. In general the precision of the optical

spectra is adversely effected by the following differences between the various

glasses:

— the difference in hygroscopical effects on the surface of the samples, which
could not be completely avoided;

— the difference in optical quality of the samples, due to inhomogeneities in
the bulk and the difference in polishing properties.



—9__

The electron-spin-resonance (ESR) measurements were performed with a Varian
9500 Mc/s instrument. The same resonance cavity (type TE 011) was used for
room-temperature and for liquid-nitrogen measurements. A fused-silica sample
holder was used for the room-temperature measurements, and the small Dewar
vessel of fig. 2.2 for the low-temperature measurements. The precision of the
ESR spectra is effected by:

— the difference in dielectric losses of the various samples;

— a shift in the sensitivity of the ESR equipment over a longer period of time.
These effects only allow a semi-quantitative comparison of the experimental
results for different samples. Results obtained from the same sample after dif-
ferent treatments may be discussed in a quantitative way. Besides the restric-
tions mentioned above, all the limitations to a quantitative discussion of the
experimental results given in sec. (1.3.2) are still valid.

Another effect which obscures the optical and ESR spectra is the overlapping
of neighbouring absorption bands. Computer methods have been used by
several authors 1:2) to overcome this difficulty, assuming that the induced ab-
sorption bands may be taken to be Gaussian. This method is significant only
with highly accurate spectra.

2.3. Some theoretical remarks on the electron-spin-resonance (ESR) spectra

2.3.1. Introduction

Electron-spin resonance (also: electron paramagnetic resonance) is based on
the direct transitions between Zeeman components of a particular electronic
state, usually the lowest one. The transitions are induced by a coupling of the
magnetic dipole moment of the resonating electrons to the magnetic component
of the incident microwave radiation 3-4). The classical resonance condition for a
free electron in a magnetic field Hp is given by

hy = gfH, = 2-00238H, @2.1)

where A is Planck’s constant, » is the frequency of the microwave radiation
applied perpendicular to Hy, § is the Bohr magneton (= eh/4 nmnc), and g is
the spectroscopic splitting factor, being 2:0023 for a free electron. If the reso-
nating electrons are not free, as is the case in colour centres, the resonance con-
dition is somewhat modified. Neighbouring centres and nuclei may contribute
to the local magnetic field, if they have a magnetic moment. Furthermore, the
electrical field of the glass network gives rise to a change in the local magnetic
field (spin-orbit coupling). These effects are incorporated in an effective g-factor,
which is the determining factor for a particular unpaired electron in, for in-
stance, a colour centre:

hy = gent 8 Ho. (2.2)
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For the analysis of the electron-spin resonance a generalized procedure has
been given by Abragam and Pryce 5) for the resonance of transition elements in
crystals. The characteristic energies E are determined by a proper spin-Hamilto-
nian operator H applied to the effective spin wave function vy 6):

Hy = Eyp. (2.3

An appropriate spin Hamiltonian, which takes into account an axially symmet-
rical crystal field and the hyperfine splitting caused by an adjacent nucleus (both
of which effects occur in the ESR spectra of irradiated glasses) is

H= ﬂ{gllHZSZ‘f‘gL(HzSz + HySy)} + ASedz + B(Szlz + Syly), (24

where the principal axes x, y and z are the same in all terms, and

Bohr’s magneton = eh/4 nmelectrond,

= effective g-factor parallel to the axis of symmetry,

effective g-factor perpendicular to the axis of symmetry,

= effective electron spin,

= nuclear spin,

= magnetic-field strength,

= hyperfine-splitting tensor parallel to the axis of symmetry,

= hyperfine-splitting tensor perpendicular to the axis of symmetry.

The first term of eq. (2.4) represents the splitting of the (28 + 1) spin multiplets
by the applied field. In colour centres an unpaired electron always has a spin
S = %, hence (25 + 1) = 2, which gives two energy levels and thus one transition
possibility. The second and the third terms represent the hyperfine-splitting in-
teraction caused by a nucleus adjacent to the unpaired electron.

I

AR NUS S

2.3.2. The spectra of glasses

Hyperfine splitting is observed in the ESR spectra of the glasses described in
this thesis. A derivation will therefore be given here of the line shapes which
may be expected in a glass spectrum with hyperfine splitting.

Bleany 7) showed that the ESR energy Avy corresponding to the Hamiltonian
of eq. (2.4) in the case of a single crystal can be written as

hve = gfH + Mi1(A4%g))? cos?0 4 B2%g,%sin? 0)1/2 g1, (2.5)
where
8% = g2 cos?0 + g2 sin? 0, (2.6)

M7 is the magnetic quantum number of a nucleus with spin I and 8 is the angle
between the symmetry axis and the direction of the applied magnetic field.

For paramagnetic centres in a glass, which have an equal probability for ali
orientations, the number of centres (dV) whose symmetry axis make an angle
to the applied magnetic field of between § and 8 + d6, is given by
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dN = 1Ny sin 6 d6, .7)

where Ny is the total number of centres 8).

The transition probability is approximately independent of the orientation and
the absorption intensity arising from the molecules lying between 8 and 6 - d6
is, therefore, proportional to the number d/V lying between these angles. The in-
tensity of absorption in a range of magnetic field between H and H -+ dH is
proportional to |dN/dH|:

\dN/dH| = (dN/d6)|d6/dH]; (2.8)

dN/d8 follows from eq. (2.7); d8/dH can be derived from eq. (2.9), which is a
modification of eq. (2.5):

H = (1/gB)(hvo — KM/g), 2.9)
where
K% = g,242 cos?0 + g 2B%in? § (2.10)

and g2 is given by eq. (2.6). The expression for dN/dH is 9)
dNJAH = $No [[(2 cos 0)/g?] [(e1* — £1?) hvo/2gB +
+ (MilB) {(g1124% — £12BY2K — K(gi2 — 21| @.1D)

If the paramagnetic centre experiences a spherically symmetric crystalline field,
characterized by

g=2g)=¢) and 4 = B, (2.12)

it follows from eqs (2.5) and (2.6) that the hyperfine spectrum consists of 27 + 1
equally spaced hyperfine lines.

In the case where eq. (2.11) holds generally (axially symmetric crystalline
field) one finds two sets of 21 4 1 peaks. The locations of these peaks are given
by

H\ (M) = (hvo — M1|A)/g)B (2.13)
and
H(M)) = (hvo — M;|B|)/g, f. (2.14)

If it is assumed that g > g, I = 3/2 (cf. sec. 3.3) and |4|/g| = |Bl/g], a spec-
trum of the form as given in fig. 2.3 is obtained. The mean values of H (M)
and H) (M) are represented by H,° and H|\% resp., and 4H® = H,°— H|/°.
It may be seen from fig. 2.3 that both a higher degree of anisotropy and a
smaller hyperfine splitting give rise to a stronger overlap of the bands, which
obscures a number of the 2(27/ 4+ 1) bands.
The spin Hamiltonian used in this discussion only takes into account the
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Fig. 2.3. ESR spectrum according to eq. (2.11) for g > g;, I = 3/2 and [4l/gy; = |Bl/g,.

effects caused by the nearest neighbours of the unpaired electron of the para-
magnetic centre. It can be imagined that the next-nearest neighbours have also
an — albeit appreciably weaker — influence on the resonance spectrum. In a
glass the influence of the next-nearest neighbours will differ from centre to cen-
tre. This effect gives rise to a broadening of the theoretical line shape given by
eq. (2.11), which is represented by the dashed curve in fig. 2.3.
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3. COLOUR CENTRES IN ALKALI-BORATE GLASSE

3.1. Introduction

Optical-absorption spectra in the range 1-5eV for irradiated alkali-borate
glasses were first reported by Yokota 1), who showed the difference in spectra
between lithium-, sodium-, potassium- and rubidium-borate glasses at the
diborate composition (M30.2B203). He interpreted the different colour centres
in terms of oxygen-ion vacancies of bridging and non-bridging oxygen ions.

The studies on alkali-borate glasses by Ferguson 2) and on calcium-alumino-
borate (cabal) glasses by Bishay 3) give no new information or interpretation
of the colour centres in the pure alkali- or alkaline-earth-borate glasses. Both
workers studied the effect of small amounts of deliberately added impurities
such as Fe, Ce, Mn, V, Co, Cr, Sb, Ni, Mo 2) and Dy, Eu, La, Gd, Nd, T1, Ti,
Ge, As 3) on the intrinsic colour centres and the formation of new types of
centres. In both papers the effects were investigated by means of optical-
absorption spectra in the range 1-6eV.

In a more recent paper 4) Bishay and Ferguson showed the influence of the
amount of alkali oxide on the optical-absorption bands in glasses of the compo-
sition xM}0.Al203.4-5B20s. They resolved the overlapping bands by means of
a computer method, assuming each band to be Gaussian. Electron-spin-res-
onance measurements in irradiated glasses containing boron were first re-
ported by Yasaitis and Smaller 5). They observed with their 375-Mc/s ESR
equipment in a number of irradiated borosilicate glasses a four-lines spectrum
with a separation of 10 to 15 gauss between each two lines, which spectrum they
attributed to the hyperfine interaction of B! nuclei, (spin = 3/2) with the defect
centres. The more recent papers of Nakai ¢), Karapetyan and Yudin 7) and
Sook Lee and Bray 8:?) on ESR studies of irradiated borate glasses will be dis-
cussed in detail in a following section.

So far no paper has been published which combines optical with ESR in-
vestigations of colour centres in borate glasses. In the following sections such
combined investigations will be described.

3.2. The structure of alkali-borate glasses 10)

3.2.1. Introduction

The radiation-induced colouration of solids is attributed to certain defects
in the structural units of these solids. On the one hand a study of these defects
will give information about the structure of the solids, conversely a knowledge
of the structure of solids will lead to a better understanding of the structure of
the induced colour centres.
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3.2.2. Definitions

In the discussion of the borate-glass structure a number of quantities are
used, which will be defined in this section.
The composition of the glasses will be represented in mol. fractions

xMLO. (I — x) BzOs.

It is generally accepted that the boron ions in boric-oxide glass have a triangu-
lar coordination of oxygen ions. In alkali-borate glasses the excess oxygen ions
introduced by the alkali oxide may cause a certain number of boron ions to
adopt a tetrahedral coordination or may be taken up as non-bridging oxygen
ions, in a way analogous to that in the silicate glasses.

If x4 is the fraction of the x mol. MO which gives rise to the formation of BOy4
groups it follows that (1 — x4) x mol. M2O gives rise to the formation of non-
bridging oxygen ions in the glass network. The fraction of boron ions with a
tetrahedral coordination of oxygen ions is

Ny = x4 x/(1 — x). 3.1
The mean number of non-bridging oxygen ions per polyhedron is
X = (1 —x)x/(l —x) = x/(1 —x)— Na. (3.2)
The mean number of bridging oxygen ions per polyhedron is
Y=34+N1—X. 3.3
The mean number of oxygen ions per polyhedron is

Z=X+Y=3+ N (3.4)

3.2.3. The Warren-Abe theory of the structure

Biscoe and Warren 11) concluded from their X-ray experiments with sodium-
borate glasses that the mean coordination number of the boron ions increases
from 3 to a value between 3 and 4 with increasing amount of sodium oxide.
This conclusion has been confirmed by Green 12) for potassium-borate glasses
and recently by Becherer, Briimmer and Herms 13) for sodium-borate glasses.
Abe 14) proposed certain rules for the structure of alkali-borate glasses, which
are based on the change in coordination of boron ions, and the anomalies in
certain properties at a composition of about 0-17 mol. alkali oxide and 0-83
mol. boric oxide. These rules are:

(1) BOq tetrahedra cannot be bound to each other;

(2) non-bridging oxygen lons occur in BOs triangles only and are absent in
BOy tetrahedra; -

(3) each BOj3 triangle cannot be bound to more than one BO4 tetrahedron.
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Fig. 3.1. The fraction of boron ions in tetrahedral coordination Ny as a function of the com-
position, according to Warren, Abe, Krogh-Moe and Bray.

It follows from these rules that (see also fig. 3.1)

for0 <x <l x4=1; Na=x/(1—x); X=0; Y=34+x/(1—x);
x=3%1 xa=1;, Ng=1 ; X=0; Y=3
x>1 xg=10—x)/5x; Na=1; X =x/1—x)—1};
Y =32—x/(1—x). (3.5)

According to Abe all the excess oxygen ions are taken up in the form of BOy
groups in the composition range 0 < x <{{. For many years it had been thought
that for x >>1 the relative number of boron ions in tetrahedral coordination (¥y)
remains constant and all the alkali oxide added in excess of x =} causes the
formation of non-bridging oxygen ions only.

3.2.4. Results of recent nuclear—magnetic-resbnance (NMR) measurements

The NMR spectra of borate glasses show bands at different frequencies,
depending on a different influence of the surroundings of the boron nuclei in
BOs and BO4 groups on the local electric field, which interacts with the electrical
quadrupole moment of the B-nuclei (spin = 3/2). From the intensity of the
fourfold-coordinated boron band in the NMR spectrum, the fraction of boron
nuclei in a fourfold coordination has been derived in different ways by Bray et
al. 15:16) and Krogh-Moe et al. 17). These authors concluded that in borate
glasses with a low alkali content the excess oxygen ions introduced by the alka-
li oxide are exclusively used for the formation of BO4 tetrahedra. Beyond a
certain composition (Bray: 0-30 mol. M2O; Krogh-Moe: 0-:33 mol. M20) a
part of the excess oxygen ions is used for the formation of non-bridging oxygen
ions (fig. 3.1). Although the relative values of N4 derived from the NMR data
are accurate, the absolute values of Ny as a function of the composition must
be used with a certain reserve. For x>0-40 the curve given by Krogh-Moe et al.
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is not based on NMR data. This may explain the appreciable difference between
the shapes of Krogh-Moe’s and Bray’s curves in this range. For x < 0-40 both
curves show a similar shape.

The semi-quantitative character of the experimental values of N4 has a great
influence on the reliablity of the values of x at which Ny starts to deviate from
the theoretically attainable value as given by eq. (3.1) in which is substituted
xg=1. This value of x is very important in relation to the rigidity of the network
of a borate glass, as beyond this composition a part of the alkali oxide is now taken
up in the form of non-bridging oxygen ions that decrease the rigidity of the net-
work, unlike the BOy tetrahedra that increase the rigidity. Many properties that

160 - : : ,

80 L | L
010 020 030

x(Na,0) —>
Fig. 3.2. The linear coefficient of expansion a of sodium-borate glasses as a function of the
sodium-oxide concentration, after Warren 20),
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Fig. 3.3, The softening temperature (7 = 107-8 poises) of sodium-borate glasses as a function
of the sodium-oxide concentration, after Eversteyn et al. 21),
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depend on the rigidity of the network show an extreme value at various compo-
sitions in the range 0-15 < x < 0-30 (see e.g. figs 3.2 and 3.3). However, these
data do not allow a precise determination of the value of x at which Ny starts to
deviate from the theoretically attainable value of x/(1 -— x).

3.2.5. A hypothesis of the structure of alkali-borate glasses

The excess oxygen ions introduced by alkali oxide in a borate glass may give
rise either to the formation of BOy tetrahedra or to the formation of non-bridg-
ing oxygen ions. During glass formation, various types of structural units are
formed which may consist of the following ions: triangularly coordinated boron
ions, tetrahedrally coordinated boron ions, bridging oxygen ions, non-bridging
oxygen ions, alkali ions. Five of the possible types of structural units being
present in the system are given in fig. 3.4. The amount of each type is determined
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Fig. 3.4. The equilibria between the structural units in an alkali-borate glass.

by a number of equilibria. It seems probable that the structural units ¢” and d
are appreciably less stable than the structural units b and ¢’. It is therefore be-
lieved that the dominant equilibrium determining the amounts of BO4 groups
and non-bridging oxygen ions, is the one between the units b and ¢’. Obviously
structural units of type a will be found in any alkali-borate glass containing less
than 0-50 mol. M2O. The equilibrium constant K of the equilibrium between the
units b and ¢’ can be derived from eqs (3.1) and (3.2):

K = No/X = x4/(1 — x4). (3.6)

The magnitude of K is determined by the difference in thermodynamic poten-
tial between the two structural units, AG, and the applied temperature 7

K = exp (—AGJkT), (3.7
where k is Boltzmann’s constant. Hence

In K = In[x4/(1 — x4)] = —AGJkT, (3.8)



which gives
Ny = x4 x{(1 — x) = [x/(1 — x)] {1 4 exp (AG/kT)}1. 3.9

Using the values of x4, obtained from Bray’s values of N4 to plot In[x4/(1 — x4)]
versus x (fig. 3.5) it is seen that In K is approximately a linear function of x, i.e.

In K= px+q. (3.10)

’—il T T T — T

3[- ]

Fig.3.5. In [x4/(1—x4)]as a function of the composition, according to (a) Bray and (b) this thesis.

As has been already pointed out (cf. sec. 3.2.4), the absolute values of N4 given
by Bray are somewhat doubtful, but the relative values are reliable. No use will
therefore be made of the values of the constants p and ¢ derived from Bray’s
data. Combination of eqs (3.8), (3.9) and (3.10) gives a relation for Ny4:

Na = [x/(1—x)] [1 + exp {—(px + @)}~ (3.1D

It has been mentioned above that the predominant structural units in alkali-

borate glasses are a, b and ¢’ of fig. 3.4. The assumption that only these units are

present leads to the following two structural rules, viz.:

(1) BOy4 tetrahedra cannot be bound to each other;

(2) non-bridging oxygen ions occur in BOs triangles only and are absent in
BO, tetrahedra.

These two rules are identical with Abe’s rules (1) and (2). His third rule does not

follow from the above equilibrium considerations. This is the essential difference

between Abe’s theory of the structure of alkali-borate glasses and the present one

(cf. fig. 3.6).
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a b
Fig. 3.6. Two-dimensional models of the structure of an alkali-borate glass according to
(@) Abe’srules and (b) those presented here.
[1 = BOg4 group; A = BOg3 group; @ = non-bridging oxygen ion.
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Fig. 3.7. The values of N4 given by eq. (3.13) compared with the limits for N4 (eq. (3.12)) ac-
cording to the hypothesis for the structure of alkali-borate glasses.

It follows from these rules that (see also fig. 3.7)
for 0<x<d: xs=1; Ng=x/(l—x); X=0; ¥Y=3+x/(1—x);
for x=2 xq=1; Ng=2 ;i X=0; Y =233

for J<x<d: x4 =}[3(1—x)/x—1] ; Na= }[3—x/(1—x)];
X =1x/(l—=)— ;Y= $[3—x/(1—x)];

for x = xg=0; Ny=0 ; X=3;, Y=0. (3.12)

)

It has been pointed out in the previous section that it is important to know the
composition of the glass where the amount of non-bridging oxygen ions attains



a detectable value or, in other words, where the value of Ny starts deviating
from the highest theoretically attainable value of x/(1 — x). McSwain et al. 18)
observed a marked change in the absorption coefficient of borate glasses at
about 2000 A in the composition range of 0-15 - 0-20 mol. MO (fig. 3.8).
They explain the increase in absorption as being due to the excitation of an elec-
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Fig. 3.8. The position of the absorption edge in the u.v. spectrum of sodium-borate glasses as a
function of the sodium-oxide concentration, after McSwain et al. 18),

tron of a non-bridging oxygen ion 19). It may also be concluded from the mini-
mum of the linear-expansion coefficient at a composition x s 0-18 20), that a
detectable amount of non-bridging oxygen ions begins to occur at x a 0-15
(fig. 3.2).

An equation of the form of eq. (3.11), which satisfies the conditions of eq.
(3.12) and which is consistent with the initial occurrence of non-bridging oxygen
jons at x = 0-15 is (fig. 3.5: curve b; fig. 3.7)

Na = [x/(1 — x)K1 + exp (11-5 x — 4-8)}-1, (3.13)

For x>0-60 this relation is no longer consistent with the shape of the experi-
mental N4 vs x curve as given by Bray (fig. 3.1). In practice, however, only a
few glasses can be prepared in this composition range. The glass-forming ranges
of most alkali borates lie between 0 and 0-50 mol. MO, where eq. (3.13) is
applicable without too large an error.

Properties of borate glasses that depend on the rigidity of the glass network
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are determined by the amounts of BO, groups and non-bridging oxygen ions.
The relative number of boron ions in tetrahedral coordination is given by eq.
(3.13). Substitution of'eq. (3.13) in eq. (3.2) gives a relation for the mean num-
ber of non-bridging oxygen ions per polyhedron:

X = [x/(1—)] [1 —{1 + exp (11-5 x —4-8)}71]. (3.14)
The rigidity-dependent properties can be described by a sum of two functions:
I = Fi(X) -+ G« Na). (3.15)

For certain properties the influence of the number of non-bridging oxygen ions
may be dominant, thus the contribution of F; to [; is greater than the contri-
bution of G;. This gives rise to an extreme value of I; at a composition near x =
0-15. An example is the linear-expansion coefficient (fig. 3.2). If the influence
of the number of BO4 groups becomes dominant (i.e. if the contribution of G;
to I; becomes greater than the contribution of F;) then the extreme value of I
will be found at a composition nearer to x = 0-38 (where N4 versus x shows a
maximum). An example of this type of properties is the softening temperature
(fig. 3.3).

Certain properties depend only on either the number of non-bridging oxygen
ions (Gy(Ni) = 0) or on the number of BO4 groups (F;(X) = 0). Examples
are respectively the u.v. absorption mentioned previously (fig. 3.8) and the
heights of the absorption bands in the infrared spectra of alkali-borate glasses
at 9-5 and 10-5 p, which are attributed to B-O vibrations in BO4 groups 22:23),

3.3. Experimental results and discussion
3.3.1. Introduction

In all the radiation-induced optical-absorption spectra of the borate glasses,
given as plots of the optical density a (in cm~1) versus the energy (in eV),
the effect of overlapping obscures the various colour-centre bands. It has been
pointed out previously (cf. sec. 2.2) that this difficulty can be resolved by com-
puter methods, assuming that each band can be taken to be Gaussian. However,
this method can be applied only in the case of highly accurate spectra. Unfortu-
nately the borate-glass spectra are insufficiently accurate, owing to several
effects. Differences in dielectric losses of the glasses and in the sensitivity
of the equipment, and overlapping effects, give rise to less accurate radiation-
induced ESR spectra. Therefore in general only semi-quantitative conclusions
may be drawn from the two types of spectra.

3.3.2. The radiation-induced optical-absorption spectra
3.3.2.1. The bandsin the spectra
In the optical spectra of the borate glasses (figs 3.9-3.14) an absorption band
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Fig. 3.10. The radiation-induced optical spectrum of fused boric oxide.

is found which shows a change in intensity and energy upon change of alkali
ion. This band is found in the region 2-5-1-3 ¢V (band br). The energy of the
other bands remains practically unchanged upon change of the alkali ion. These
bands are located at about 4 eV (band c1), 5eV (band c1r) and at an energy
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Fig. 3.11. The radiation-induced optical spectra of sodium-borate glasses.

higher than 6 eV (band crmr). The choice of the notations b, c1, ¢ir and ey will
be explained later.

3.3.2.2. Theinfluence of the composition on the bands

Band by (region between 2-5 and 1-3 eV). The occurrence of the br-band de-
pends on the composition and the temperature (table I).

Lithium-borate glasses could be obtained in the composition range 0 < x < 0-45.
However, in the region 0-30<<x<<0-45 the glasses devitrify on the normal treat-
ment of annealing. To obtain glasses in this composition range it was necessary
to quench the melt very rapidly. It was impossible to prepare samples for optical
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TABLE 1

The influence of the composition and the temperature on the occurrence and
the energy of the br-band

room temperature liquid-nitrogen temperature
alkali band energy appears at band energy ‘ appears at
ion (eV) x (eV) x
Li+ ? 0-30 ? ?
Nat 2-4 025 2-2 0-25
K+ 195 0-25 1-75 0-25
Rb* 1-75 0-25 1-5 0-20
Cs* 1-5 0-30 13 0-15

measurements from these unannealed glasses. Optical spectra of the lithium-
borate glasses could therefore only be measured in the composition range 0<x
< 0-25 (fig. 3.9). In this composition range no br-band was found. It can be con-
cluded from visual inspection of the colour of the irradiated samples in the
range 0-30<<x <0-45 that the by-band is present here.
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Fig. 3.12. The radiation-induced optical spectra of potassium-borate glasses.
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Fig. 3.13. The radiation-induced optical spectra of rubidium-borate glasses.

Samples of the annealed alkali-borate glasses were irradiated and measured
at 78 °K. Then the samples were allowed to warm up to room temperature and
were measured again. The ratio of the peak heights of the bi-band measured at
these two temperatures is given in table I1. Since all the values of aggs/azs are
found to be much smaller than unity, it may be concluded that the br-band is
more stable at low temperatures.

TABLE 11
The ratios aaes/azs of the heights of the br-band at 298 °K and 78 °K

10n

Li*+ — — — ? ?
Na* — — 0.13 0-20 ?
K+ — — 0-025 0-083 0-33
Rb* — 0 0-014 0-044 0-067

Cs* 0 0 0-000 0-025 ?
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Fig. 3.14. The radiation-induced optical spectra of caesium-borate glasses.

In the cases where agggs = 0 and azg = O the ratio is represented by a dash®
If only a29s = 0, then the ratio is represented by a 0. The ratio ases/azs for
lithium-borate glassesat thecompositions x >>0-30is not known (represented by ?).
The trends in the stability of the bi-band centres are shown in table II: the
number of stable colour centres is increased by
(a) increasing the amount of alkali oxide,

(b) increasing the field strength *) of the alkali ion.

Furthermore it is seen in table I that with the increase of the field strength the
limit of the composition of the glasses, which show the br-band at liquid-nitro-
gen temperature, shifts to higher values of x.

Another important feature of the bi-band is the approximately linear relation-
ship between the field strength of the applied alkali ions and the band energy
Emax (fig. 3.15). A lowering of the temperature from 298 to 78 °K causes a

*) The field strength of an jon is defined as 2z/a2, where 2 and z represent the charges of the
oxygen ion and the metal ion involved, respectively, and a represents the distance in A
between the centres of the two ions 29%).
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Fig. 3.15. The relationship between the field strength 2z/a? of the alkali ion and the location
of the maximum (Emax) of the by-band in an alkali-borate glass.

practically constant decrease of the band energy of 0-2 eV.
The provisional conclusion is that the alkali ions are involved in both the
formation and the structure of the colour centres that cause the by-band.

Band ¢y (3-8 €V). The ¢r-band is practically absent in glasses with a very low
alkali-oxide constant (x<C0-05), but is found for all other compositions. The
band energy is practically not influenced by a change of either the concentration
or the type of alkali ion. It seems justified to conclude that the rate of formation
rises with the field strength of the alkali ion. The c¢y-band appears to be rather
broad and is overlapped by neighbouring bands in all the spectra obtained. The
values of the ratio a29s/arg are therefore not very accurate. However, it may be
concluded from the fact that these values are all of the same order of magnitude
that the concentration and the nature of alkali oxide do not affect this ratio
(table 11I). As the values of asgg/arg are smaller than unity it can be concluded
that the b1-band centres are more stable at lower temperatures.

TABLE III
The ratios ases/azs of the heights of the ¢r-band at 298 °K and 78 °K

a?;i“ Y‘ 005 | 010 | 015 | 020 | 025 | 030 | 035
Li+ l — — — 035 | 025 ? ?
Na+ — — 016 | 018 | 017 | 020 ?
K+ — 023 | 020 | 018 | 015 | 013 | 025
Rb+ | — 0-35 0-20 029 025 013 0-15
Cst = 025 | 024 | 030 | 033 | 017 ?




From the absence of an influence of the alkali ions on the ¢;-band energy and
the ratio ases/avs it may be concluded that the colour centres causing this band
contain only boron and oxygen ions. The alkali ions are involved in the forma-
tion of these centres, as the intensity of the ¢;-band above a certain radiation
dose does depend on the alkali ion (cf. figs 3.9, 3.11, 3.12, 3.13 and 3.14).

Band c11 (= 5 eV). It is difficult to make definite statements about the beha-
viour of the cr-band as a function of the concentration or the nature of the al-
kali oxide used, owing to the strong overlap with the ¢pir-band (>6 V) in the
glasses with a low alkali-oxide content and with the c¢r-band in the glasses
with a high alkali-oxide content. The band energy seems practically independ-
ent of the concentration or nature of the alkali oxide used. It may therefore be
assumed that the alkali ions do not form part of the colour centres causing the
cu-band.

Band cmir (>6¢V). As pointed out above (cf. sec. 2.2), the optical results
near 6 eV must be interpreted with a certain reserve. However, the incline
of the crrr-band, which is already observed near 5 eV, allows rough conclusions
to be drawn concerning its intensity. The band energy could not be estimated,
but the curves suggest that it is independent of the nature or concentration of the
alkali ions.

The intensity of the cymi-band increases with the concentration for each alkali
ion up to a certain value of x (table IV) and then decreases again rapidly (cf.
figs 3.9, 3.11, 3.12, 3.13, 3.14).

TABLE IV

Concentration of alkali oxide in alkali-borate glasses at which the cm-band
is maximum

LisO NasO K:0 | RbgO Cs20

x >0-25 0-20 0-10 0-10 0-10

It therefore seems justifiable to conclude for the moment that the alkali ions
are involved in the formation of the colour centres causing the cimr-band, but
they do not actually form part of these centres.

Summarising it may be concluded that four major types of colour centres
can be detected by means of optical spectroscopy in the range 2000-12000 A
(6-1eV). In one type (b1-band) the alkali ions take part in the formation as
well as in the structure of the centres while in the other types (cr-, ¢r1- and
crir-bands) the alkali ions are involved in the formation of the centres, but do
not form part of their structure.
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3.3.3. The radiation-induced ESR spectra

3.33.1. The bandsin the spectra

In glasses with a low alkali-oxide content and in B3O3 glass a six-lines spec-
trum has been observed (see figs 3.16 and 3.17; the ESR spectra are recorded as
first-derivative curves). The bands 2, 3,4 and 5 are approximately equally spaced
and show equal widths. Band 1 is broader and the spacing between 1 and 2 is
larger. Band 6 is apparently narrower than bands 2, 3, 4 and 5 and the spacing
between 5 and 6 is also smaller. The conclusion is that the bands 2, 3, 4 and 5
arise from the hyperfine interaction of a nucleus with a spin = 3/2. The hyper-
fine splitting of this resonance in B2Os glasses is due to the isotope B1, as may
be concluded from table V.

v

2050 2040 2:030 2020 | 2\010 2'|000 I-99?

N

- —
N —-

2:0023

Fig. 3.16. The radiation-induced ESR spectrum of fused boric oxide.

N

2050 2040 2030 2020 200 2000 1990

")

Fig. 3.17. Resolved radiation-induced ESR spectrum of fused boric oxide. Full curve: observ-
ed spectrum (integrated spectrum of fig. 3.16); dashed curve: sum of the four equally spaced,
anisotropic bands.
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TABLE V
Abundance of the isotopes in a B2O3 glass
isotope natural \ at. % in nuclear

P abundance (%) | glass spin
Ht 99-9 1 1/2
B10 18-8 7-4 3
B! 81-2 32:2 3/2
016 99-76 59-25 —
017 0-04 0-02 5/2
018 0-20 0-12 —

The mean g-factor of the four bands 2, 3, 4 and 5 is about 2:012, which is larger
than the free-electron value (g = 2:0023). The paramagnetic centre causing this
four-band spectrum may therefore be characterized as an electron-hole centre
adjacent to a B11 nucleus. The single band 6 with g = 1-993 (smaller than 2-0023)
may be assumed to be due to an electron centre. Band 1 will be discussed later.

Glasses with a high alkali content show a marked four-band spectrum with a
mean g-factor of 2-010 (figs 3.18, 3.19, 3.20). In a rubidium-borate glass with
x = 040 this spectrum becomes vague (fig. 3.21). In a caesium-borate glass
with x = 0-40 the four-band spectrum has disappeared totally, leaving a rela-
tively broad, symmetrical band without hyperfine structure (g = 2-014; fig. 3.22).

The glasses with a medium alkali-oxide content show ESR spectra which are
mixtures of spectra of a glass with a low and a high alkali-oxide content (see
e.g. fig. 3.20; composition: 0-30 K20. 0-70 B2Os3).

3.3.3.2. The spectrum of BoOg3 glass

The ESR spectrum of irradiated B2O3 glass should be discussed first, as it is
present in all the glasses with a low alkali-oxide content.

Band 6 (g=1-993). As pointed out in the previous section the spacing between
the single band 6 (fig. 3.16) and band 5 is smaller than the hyperfine splitting
between the four equally spaced bands 2, 3, 4 and 5. Furthermore, it may be

- seen from the various spectra showing this band that its half-width is smaller
than that of each of the four bands 2, 3, 4 and 5. It may thus be concluded that
band 6 is not related to the colour centres causing the four hyperfine bands. This
is in disagreement with the assignments of Sook Lee and Bray 8), who assumed
the bands 3, 4, 5 and 6 to be due to the hyperfine interaction of a hole with a
B! nucleus (table VII).

The present assignment of the band with g = 1-993 agrees with Nakai’s 6) con-
clusion that this band is due to another type of colour centres. However, Nakai’s



3] —

mol [.120 mol 8203

005\ 0-95 J
\/\
010 0-90 AN /\/\
015 085 L
—| ~
0-20\ 080
—_ f
025 |07 /\ \
— \/-
030 070 f \
0-35 065 / \/\
045 0-55 /\/\ k
—~/
|

-—g

Fig. 3.18. The radiation-induced ESR spectra of lithium-borate glasses.
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Fig. 3.19. The radiation-induced ESR spectra of sodium-borate glasses.
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Fig. 3.20. The radiation-induced ESR spectra of potassium-borate glasses.

assignment of this band to a centre containing a hydrogen ion could not be con-
firmed by a number of experiments described below.
Boric-oxide glass has been prepared in different ways:
(a) from HsBOj3 (p.a. “Merck”), melted at 1300 °C in air;
(b) from HsBOs3, obtained from pure trimethyl borate by hydrolysis, melted at
1300 °C in air *);

*) This boric acid has been prepared by Dr W. Kwestroo.
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Fig. 3.21. The radiation-induced ESR spectra of rubidium-borate glasses.
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Fig. 3.22. The radiation-induced ESR spectra of caesium-borate glasses.



(¢) from a mixture of approximately equal amounts of H3sBOs and D3BOs,
melted at 1300 °C in air;

(d) from H3BOs (p.a. “Merck”), melted at 1300 °C, dry nitrogen bubbled
through for two hours;

(e) from H3BOs3 (p.a. “Merck’), melted at 250 °C; Milberg, Belitz and Silver 25)
showed that at this temperature a “B2O3 glass” is obtained with about 25-35
mol. % Ha0;

(f) from H3BO3 (p.a. “Merck”), melted at 1300°C and fired at 700 °C in vacuum.

The ESR spectra (fig. 3.23) of the glasses (a), (c) and (d) are independent of the
different methods of preparation. The shape of the spectrum of glass (e), which
contains about 30 mol. % H2O is comparable to that of the lithium- and sodium-
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Fig. 3.23. The radiation-induced ESR spectra of fused boric oxide, prepared from:

(a) HsBOs3 (p.a. “Merck”), melted at 1300 °C in air;

(b) H3BOj3 obtained from pure trimethyl borate by hydrolysis, melted at 1300 °C in air;

(c) a mixture of approximately equal amounts of H3BO3 and D3BOg3, melted at 1300 °C in air;
(d) HaBOj (p.a. “Merck”), melted at 1300 °C in a dry nitrogen atmosphere;

(e) H3aBOs3 (p.a. “Merck’), melted at 250 °C; this glass contains about 25-35 mol. % Hz0.
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borate glasses with x = 0-30. It is therefore believed that band 6 is due to colour
centres which contain neither alkali nor hydrogen ions.

The spectrum of glass (f) which was dehydrated in vacuum, appears to be of
the same shape as that of glass (a), but the intensity of all bands is about
20 to 30 times less. Furthermore, it could be established that the ESR bands
of BsOg glass (a) are about 10 times as weak as the bands of a potassium-borate
glass with 0-10 mol. K2O. Apparently the hydrogen ions are involved in the
formation of the centres causing the ESR bands, in a way similar to that of
the alkali ions. Hyperfine interaction between the colour centres and the hy-
drogen or alkali ions were never observed. Hence, neither hydrogen nor alkali
ions form part of these centres.

The influence of minor amounts of impurities which are always present in
the batch materials have been checked with a glass (b) (fig. 3.23) prepared from
H3BO;3 obtained from trimethyl borate by hydrolysis. This boric acid cannot
contain the same amounts of the same impurities as “Merck’s” boric acid (table
vi).

TABLE VI
Impurities in “Merck’s” boric acid (p.a.)
impurity maximum content in weight %
cl 0-0005
SO4” 0-0002
PO, 0-001
heavy metals
such as Pb++t++ 0-0008
FettH 0-0002
Ca++ 0-002

In spite of differences in impurity content, the ESR spectra of glasses (a) and (b)
are identical. It is therefore believed that impurities do not form part of colour
centres in borate glasses.

It may be concluded that band 6 (g = 1:993) is due to a colour centre which
does contain neither hydrogen nor impurity ions, but only boron and oxygen
ions.

It may similarly be concluded from the above that the bands 1, 2, 3,4 and 5
are caused by colour centres containing boron and oxygen ions only. A more de-
tailed discussion of these bands follows.

The bands 2, 3, 4 and 5. As pointed out in sec. 3.3.3.1 the four bands with a
mean g = 2:012 may be attributed to the hyperfine-splitting action of a B!
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nucleus adjacent to the colour centre (fig. 3.16). The integrated spectrum of irra-
diated pure B2Oj3 glass is given by the full line in fig. 3.17. This spectrum could
be resolved by a trial-and-error method into four equally spaced and shaped
bands, apart from the small band 6 at g = 1-993 discussed previously. The sum
(dashed curve) of these four bands deviates somewhat from the experimentally
observed curve (full line), which may be explained in terms of uncertainties
partly present in the experimental curve and partly introduced by the trial-
and-error method.

Band 1 (g = 2:038) appears to be due to the anisotropy of the g-factor of the
colour centres which cause the four bands 2, 3, 4 and 5. These four bands may
be represented by eq. (2.12) (cf. sec. 2.3.2) if it is assumed additionally that
(1) |41/gy = |Bligy ~ AH (fig. 2.3),

(2) line broadening occurs owing to the differences in the surrounding of the

centres involved (cf. sec. 2.3.2).

This assignment of the bands in the ESR spectrum of irradiated B2O3 glass
differs from the one given by Sook Lee and Bray 8) (cf. table VII and figs 3.16
and 3.17). They believed the bands 2, 3, 4, 5 and 6 to be due to the hole centre
adjacent to a Bl nucleus. An attempt to resolve these bands by trial and error
into four equal and equally spaced bands, as has been shown for the bands 1,
2, 3,4 and 5 (cf. fig. 3.17), has failed.

It may provisionally be concluded that the bands 1, 2, 3, 4 and 5 arise from
electron-hole centres which interact with an adjacent B!l nucleus, and experi-
ence an axially symmetric crystal field (cf. sec. 2.3.2).

TABLE VII

The assignment of the bands in the ESR spectrum of irradiated B2:O3 glass ac-
cording to Sook Lee and Bray 8) and to this thesis

band no. g-factor aigolls(r:)?z) this thesis
1 2-038 en(M = —3/2)
2 2-025 gn(M = —=3/2) g (M = —3/2)
3 2-0165 g (M = —3/2) g (M= —1/)2)
4 2-008 g, (M =—1/2) g (M= 1/2)
5 1-9995 g (M= 1/2) g (M= 3/2)
6 1-993 g (M= 3/2) see text
|

3.3.3.3. The influence of the composition on the spectra

As pointed out in sec. 3.3.3.2, the four-band spectrum in a glass of composi-
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tion 0-10 K20.0-90 B2Os3 is about ten times as strong as the spectrum of B2Oj
glass (with approximately 1 mol. % H20).

At higher alkali-oxide concentrations the rather pronounced hyperfine split-
ting becomes weaker. A further increase of the alkali-oxide content gives rise to
the appearance of a four-band spectrum (mean g-value = 2-010) which shows
no anisotropy. This hyperfine splitting is most pronounced in the potassium-
borate glasses (fig. 3.20). In the lithium- and sodium-borate glasses (figs 3.18
and 3.19) the hyperfine bands are somewhat broader. In the rubidium-borate
glasses (fig. 3.21) the hyperfine splitting of the isotropic four-band spectrum is
no longer well resolved. In a caesium-borate glass with x = 0-35 (fig. 3.22) these
bands are still faintly visible, but in the glass with x = 0-40 one broad band
without hyperfine structure is found, with a g-factor = 2-014. In the alkali-bo-
rate glasses with a composition x > 0-30 the four anisotropic bands could not
be detected, except in a potassium-borate glass, where the four isotropic bands
are well resolved and the anisotropic bands are still faintly visible (fig. 3.20).

In the series of potassium-borate glasses the change of the spectrum with the
composition may be observed most clearly. The hyperfine splitting of the four
anisotropic bands decreases somewhat. At x = 0-30 a mixture of approximately
equally strong anisotropic and isotropic four-band spectra is found. The mean
g-factors and the hyperfine splitting of these two spectra differ only slightly. It
is therefore believed that the structures of the colour centres that give rise to these
two spectra must also be very similar.

A general conclusion to be drawn for the ESR spectra is that the g-factors of
the absorption bands are practically unaffected by a change in alkali ion. More-
over, there is no evidence of hyperfine splitting caused by alkali or hydrogen
ions. It may therefore be concluded that these ions do not form part of the
colour centres causing the ESR-absorption bands.

3.3.4. Comparison and discussion of the optical- and ESR-absorption spectra

3.3.4.1. Introduction

The colour centres may be divided into two groups on the basis of the depend-
ence of the energy of the absorption bands on the alkali ion. The energy of the
br-band depends strongly on the alkali ion present. The colour centres causing
this band will be called alkali-dependent. The energy of the other optical-ab-
sorption bands is practically independent of the alkali ion. The colour centres
causing these bands will be called alkali-independent, though it should be re-
marked that the alkali jons in question do have a minor effect.

3.34.2. The alkali-dependent colour centres

The energy of the optical br-band (2:4-1-3 V) depends on the alkali ion. A
corresponding band in the ESR spectrum has not been found.
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A model of the colour centre causing this band should satisfy the following re-
quirements:
(1) it should include an alkali (hydrogen) ion;
(2) since an ESR band is absent, the centre is likely to contain a pair of electrons
or holes;
(3) its progenitors must be present in a glass of x>0-15-0-25.

Glasses with x>0-15 contain non-bridging oxygen ions bound to boron ions in
triangular coordination. During irradiation the following reaction may take
place in such glasses:
1
\ -6~
o | Oee
\ By N // _‘\:\ =
B—O: M —— | B M /} + O
VA N
d o

b-unit bi-centre

The structure of the br-centre is in accordance with the three requirements
mentioned above.

In irradiated alkali-silicate glasses Kats and Stevels 26) observed a band in the
optical spectrum which increases in intensity with an increase in the alkali-oxide
content, in other words with an increase in the number of non-bridging oxygen
ions per polyhedron (=X). This band is located at 2-07 eV for sodium-silicate
glasses and shifts to 1-94 eV for caesium-silicate glasses. These authors assigned
this band to colour centres containing a non-bridging oxygen vacancy and an
alkali ion 26,27), This model is very similar to the model proposed here for the
br-centres.

A fact which may explain the relatively easy formation of the proposed
br-centres is found in the discussions concerning oxygen-vacancy centres in
various types of fused silica. Weeks 28) concluded that in the optical spectra of
fused silica without impurities (except hydrogen) two bands may be induced at
2140 A and 2300 A, which are attributed to two types of oxygen vacancies
which have captured an electron 29). If fused silica prepared from natural quartz
is submitted to the same radiation dose (107R . Co%%) a band appears at 2200 A
which is about 5 times as strong as the bands at 2140 and 2300 A. This band
has also been attributed to a centre consisting of an oxygen vacancy which has
trapped an electron 28). Hence, the formation of the same amount of these
centres requires an appreciably smaller radiation dose in the presence of impu-
rities. It thus seems likely that oxygen vacancies are formed more easily in a glass
network upon irradiation where the oxygen ions are bound less tightly to the
network owing to the presence of ions other than the original network formers.
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3.3.4.3. The alkali-independent colour centres

In the optical spectra the following trend in the intensity of the bands c1
(3-8eV), cr1 (5 eV) and cr1 (>6 V) is observed. In glasses with a low alkali-ox-
ide content the crir-band is the major one, the cri-band being weak and the c1-
band being practically absent. A similar picture is found in pure B2Oj3 glass 2)
(fig. 3.10). With a rise of the concentration of alkali oxide the crri-band decreases
and vanishes. This effect could not be verified in the lithium-borate glasses, as
samples for optical measurements could not be prepared at the required compo-
sitions. In the other alkali-borate glasses the ¢r- and cr-band increase as the
cirr-band decreases; in the sodium-borate glasses the cir-band dominates at a
certain composition and in the caesium-borate glasses the cy-band.

In the ESR spectra, the following trend may be observed. The four anisotrop-
ic bands are replaced by four isotropic bands as the alkali-oxide content in-
creases. However, in the rubidium- and caesium-borate glasses these four iso-
tropic bands are not very well resolved and even vanish in the glass of compo-
sition 0-40 Cs3O . 0-60 B203. In a recent paper Sook Lee and Bray ?) reported a
similar vanishing of the four isotropic bands in a lithium-borate glass of compo-
sition 0-65 LisO . 0-35 B2Os. It is not unlikely therefore that at a certain compo-~
sition the four isotropic bands in the sodium-, potassium- and rubidium-borate
glasses will also vanish, however these glasses could not be prepared with the
available quenching technique.

Combining the two observed trends it may be concluded that the cirr-band
(>6¢V) is connected with the four anisotropic bands, the ci-band (5 V) with
the four isotropic bands and the c1-band with the unresolved broad single band at
g = 2-014 as is found in the 0-40 CsoO . 0:60 BzO3 glass. It is believed that this
band is also present as a sort of background in the spectra of caesium-borate glas-
ses (and in the other alkali-borate glasses) at a lower alkali-oxide concentration.

The colour centres causing the four anisotropic ESR bands show the fol-

lowing features:

(1) they contain an electron hole (g = 2-012);

(2) the number of centres increases with the concentration of the alkali lons
(including hydrogen ions) at low concentrations (x<<0-15);

(3) they contain only one boron nucleus ( four hyperfine bands);

(4) the crystal field in the environment of the centre is axially symmetrical
(anisotropic g-factor);

(5) they contain neither alkali nor hydrogen ions.

In the concentration range mentioned under (2) the unirradiated glass con-
tains structural units of type ¢ and a (cf. sec. 3.2.5). In this region the number
of non-bridging oxygen ions (b-units) is negligibly small. Irradiation may
introduce a hole into both units by the following reactions.
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As the ag-centre is not neutral, it will be less stable than the c-centre and will

readily

capture an electron. Moreover, a hole on an oxygen ion between two

equivalent boron ions (both are threefold coordinated) as shown in the a-centre

will int

eract with both boron nuclei to the same extent, which means that a hyper-

fine structure of at least seven bands should be found (2(3/2 + 3/2) + 1=17).
The c-centre agrees with all the features mentioned above:

ad (1):
ad (2):

ad (3):

ad (4):

ad (5):

it contains an electron hole;

for small values of x the relative number of boron ions in tetrahedral
coordination is given by Ny = x/(1 — x) (for x<<0-15; x4 ~ 1). Thus, an
increase in x gives rise to an increase in N, which explains the increase in
the number of colour centres;

the hole is located on an oxygen ion between two non-equivalent boron
ions, (a By and a B ion). The hole will be attracted to the By ion
as this ion has an excess of negative charge, which explains the hyper-
fine interaction with one boron nucleus only;

if the hole is located on one particular oxygen ion between a By and a
By ion it is clear that the crystalline electric field experienced by the
centre 1s of axial symmetry. If the hole jumps from one of the four oxy-
gen ions round the B4 ion to another, the ESR absorption will remain
anisotropic if the jumping frequency is low compared to detection fre-
quency of the ESR equipment;

the centre does not contain alkali or hydrogen ions.

The colour centres causing the four-isotropic-bands spectrum show the follow-
ing features:
(1) they are also electron-hole centres (g = 2:010);
(2) they dominate in the composition range where x>0-30;
(3) they contain only one boron nucleus;
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(4) the crystal field of the environment of the centre is of spherical symmetry
(isotropic g-factor);

(5) they contain neither alkali nor hydrogen ions (g-factor independent of alkali

ion),

In the composition range 0-30<<x<<0-50 the relative number of boron ions in
tetrahedral coordination N, varies between 0-38 and 0-28 and the mean number
of non-bridging oxygen ions per polyhedron X increases from 0-09 to 0-72
(according to eqs (3.13) and (3.2)). Apart from the reactions mentioned above,
it might be assumed that in this composition range a non-bridging oxygen ion
would also produce a hole centre:

\O\ \O\
PG M — ByQie Mse.
O O

/ /

b-unit bir-centre

The brr-centre meets all the requirements mentioned, except the one given
under (4): it is not spherically symmetrical. It is therefore believed that the
bui-centre, if formed, does not cause the four isotropic ESR bands.

The c-centre contains four equivalent oxygen ions. A hole on one of them may
jump to another oxygen ion and will find there an equally stable position. If
this jumping of the hole occurs with a low frequency the ESR equipment will
still “see” this centre as an axially symmetric one. This centre has been discussed
previously and will be referred to further as a criz-centre. If the hole jumps with
a much higher frequency the ESR equipment is no longer able to distinguish
between the four equal positions of the hole and will “see” the centre as spheri-
cally symmetrical. This model accounts for all the requirements mentioned
above and will be referred to as a ¢ii-centre.
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The broad band without hyperfine splitting (g = 2-014) observed in the ru-
bidium- and caesium-borate glasses at high alkali-oxide concentrations (x>>0-40)
and which was also found in lithium-borate glasses ?) at far higher concentra-
tions (x>>0-60) is believed to be due to a colour centre of type ¢1 consisting of an
electron hole orbiting around a fourfold coordinated boron ion in the electron
clouds of the surrounding oxygen ions. The hyperfine splitting is no longer re-
solved owing to the disintegration of the network and the large number of alkali
ions in the environment of the centre at high alkali-oxide concentrations. This
effect is also enhanced by an increase in the ionic radius of the alkali ions in-
volved (cf. sec. 3.3.2.2).

We have thus succeeded in relating the main ESR and optical-absorption
bands due to “alkali-independent” colour centres to a number of structural
models. However, we have not yet discussed the minor band observed in
both the ESR and the optical spectra of the alkali-borate glasses with
x<<0-30. The optical band is found in all irradiated alkali-borate glasses with
a low alkali-oxide concentration (x<<0-15) and in B2Os glass (fig. 3.10) and
is located at 2:4 eV. The ESR band is found at g = 1-993 (band 6 in table V1I).
Both locations are independent of the alkali ions. The absence of both bands
above x = 0-30 and the fact that their energy is independent of the alkali ion
suggests that they may arise from the same colour centre. The g-factor indicates
that this colour centre is an electron centre. The centre does not exhibit a hyper-
fine structure, and its ESR band is relatively small. These experimental data are
insufficient to allow the proposal of a structural model for this type of colour
centres.

3.4. Conclusions

Three types of structural units may be distinguished in alkali-borate glasses
(table VIII): a boron ion triangularly coordinated with three bridging oxygen
ions (a-unit), a boron ion triangularly coordinated with two bridging ions and
one non-bridging oxygen ion, with an adjacent alkali ion as a charge compensa-
tor (b-unit), and a boron ion tetrahedrally coordinated with four bridging oxygen
ions, with an adjacent alkali ion as a charge compensator (¢’-unit).

The amounts of each type of structural units depends on the concentration of
the alkali oxide. A hypothesis for the structure of alkali-borate glasses has been
proposed from which follow certain relations for the amounts of the various
structural units (cf. sec. 3.2.5).

Upon irradiation, a number of colour centres are introduced into alkali-bo-
rate glasses which may be correlated with the structural units » and ¢’. No colour
centre corresponding to the a-unit has yet been found.

During irradiation either the non-bridging oxygen ions in the b-unit may be
moved to another site in the network (by-centre) or the alkali ion may be moved
(brr-centre). The former centre (br) is believed to cause the optical bands in the
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visible part of the spectrum, the energy as well as the band height of which
depend on the alkali ion. A br-centre, which can be described as an electron
hole captured on a non-bridging oxygen ion after the removal of the alkali
ion from a b-unit, have not been found experimentally. Upon irradiation of a
¢’-unit, an electron may be removed from one of the four bridging oxygen ions.
The excess of positive charge of the centre thus obtained is compensated by the
removal of the adjacent alkali ion to another site in the network, the remaining
centre consisting of a BO4 group with an electron hole on one of the oxygenions.
The optical and ESR spectra of alkali-borate glasses provide evidence that these
centres may occur in three different forms (c1, ¢1r and crr1). The form to be found
in a given glass depends on both the nature and the concentration of the alkali
ions, although these do not actually form part of the c-centres.

In glasses with a high concentration of large alkali ions the cr-centre will
dominate. This centre may be described as an electron hole orbiting in the elec-
tron clouds of the four bridging oxygen ions of a BO4 group. The interaction of
the boron nucleus, which is visualized by the hyperfine splitting in the ESR
spectrum, is not resolved owing to the desintegration of the network and the large
number of alkali ions in the environment of the centre at high alkali-oxide con-
centrations. Hence a broad structureless band is found with a g-factor = 2-014.

In glasses with a medium concentration of medium-sized alkali ions, such as
potassium, the crr-centres will dominate. These centres cause four hyperfine bands
in the ESR spectrum, which are of the isotropic type, which means that the
centres are of spherical symmetry. These centres are believed to consist of a
BO4 group with an electron hole captured on one of the oxygen ions, this hole
jumping from one to another of the four oxygens with a high frequency so that
the ESR equipment cannot “see” on which oxygen ion the electron hole is lo-
cated. In these centres the interaction between the electron hole and the B!l
nucleus is not influenced by the surroundings as described for the cr-centres,
so that the four hyperfine bands are observed in this case.

In glasses with a low concentration of small alkali ions, the crr-centres will
dominate. The hyperfine bands in the ESR spectrum now appear to be aniso-
tropic, which means that the centres are of axial symmetry. This type of centre
may be described as an electron hole captured on one of the four non-bridging
oxygen ions in a BO4 group. In this case the hole may also jump from one oxy-
gen ion to another, however with a lower frequency than described for the cr1-
centres, so that the ESR equipment now “sees’ the electron hole on one of the
oxygen ions of the BO4 group. Apart from the centres by, ¢1, ¢rr and crr, a
small band in the optical spectrum (24 eV) and the ESR spectrum (g = 1:993)
suggests that at least one other type of colour centres is present in alkali-borate
glasses with a low alkali-oxide content and in boric-oxide glass. The experimen-
tal evidence is insufficient to permit the suggestion for a model of these colour
centres.
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4. COLOUR CENTRES IN ALKALINE-EARTH-BORATE GLASSES

4.1. Introduction

The study of the colour centres in binary alkaline-earth-borate glasses is limited
by the small composition range in which homogeneous glasses can be formed
(table 1X 1)). However, on the addition of small amounts of alkali oxide the
glass-forming range is extended to about 0-0-40 mol.MO (fig. 4.1). These
pseudo-binary systems have also been included in this study of the radiation-

TABLE 1X

Composition ranges where glasses are formed in the system x MO.(1—x)B20s

glass-forming range
M
(values of x)
Ba 0-17-0-40
Sr 0-24-0-43
Ca 0-27-0-41
Mg 0-43-0-44

K0
MO —» % % 2 2 ’
> S o >

Fig. 4.1. Limits of the glass-forming range in the ternary system alkaline-earth oxide - potas-
sium oxide - boric oxide ).
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induced colour centres. No previous study of the radiation-induced colour
centres in alkaline-earth-borate glasses is known to the author. In this section
the colour centres in these glasses will be discussed in relation to the structure
of the glass and with the insight into the colour centres in alkali-borate glasses
obtained above.

4.2. The structure of alkaline-earth-borate glasses

4.2.1. Introduction

The quantities x, x4, Ny, X, ¥ and Z, as defined for alkali-borate glasses,
will also be used. The eqs (3.1) and (3.4) given in sec. 3.2.2 are also valid for
the present glasses. It may be concluded from the phase separation occurring
in alkaline-earth-borate melts in the composition range 0 << x < x5 (x5 equals
the lower limit of glass formation (table 1X)) that the alkaline-earth ions are
taken up in the glass in a way differing from that for the alkali ions. This is
clearly shown by the fact that the addition of a small amount of alkali oxide
suppresses this phase separation. On the other hand it may be seen from the
viscosity data of alkali- and alkaline-earth-borate glasses (the latter partially
with addition of 3 mol. % K20) that the rigidity of the network has a maximum
value at a composition comparable with xmax in the alkali-borate glasses2.3,4),
In other words, the relative number of boron ions in fourfold coordination Ny
and the mean number of non-bridging oxygen ions per polyhedron X as a
function of the composition x show a behaviour similar to that in the alkali-
borate glasses. Recent NMR measurements on a series of calcium-borate
glasses showed a maximum value of Ny at x = 0-40 9).

4.2.2. A hypothesis for the structure of alkaline-earth-borate glasses

It may be concluded from the NMR measurements mentioned above
that the excess oxygen ions introduced by alkaline-earth oxide can give rise
tv the formation of BO4 groups or non-bridging oxygen ions, as with the alkali-
borate glasses. The ratio of the amounts of the two types of excess oxygen ions
will depend on the composition and temperature. The structural units assumed
to be present in an alkaline-earth-borate glass melt and the equilibria assumed
between these units are shown in fig. 4.2. This scheme shows four competitive
structural units containing an alkaline-earth ion. It is believed that a d-unit
(non-bridging oxygen ion in a BO4 group) is energetically unfavourable com-
pared to the other structural units. In the alkali-borate glasses each alkali ion
acts as charge compensator for one BO4 group only, which enables the BO4
groups to be located at any site of the network. This random location of the
BOy4 groups (¢’-unit in fig. 3.4) will be energetically favourable compared with
a structure that requires the presence of double BO4 tetrahedra (c¢’’-unit in
fig. 3.4). In alkaline-earth-borate glasses, however, each alkaline-earth ion must



. ++ ~ N S N\ R
”\.K M P\ e f’®\ /®‘~ ++ ®\ /Q‘

B0 0§ DR YR
‘;@ /O\" /Q‘ FanN /®‘~ SN
\ | +3

” O~ M**

|
Q .?MJ?.
B-O- + 08B0 —— -0-B-0B-0-
| | o

la
(%

c .

Fig. 4.2. Equilibria between the structural units present in a melt of an alkaline-earth-borate
glass.

act as charge compensator for a pair of BO4 groups, which requires the presence
of double BO, tetrahedra. It may therefore be assumed that in the alkaline-
earth-borate glasses the ¢’-unit is more stable than the ¢’-unit. The b-type units,
where one alkaline-earth ion acts as charge compensator for two neighbouring
non-bridging oxygen ions, are very likely to be formed in an alkaline-earth-
borate glass.

These considerations lead to the supposition that the equilibrium between
the - and ¢"’-units will determine the number of fourfold coordinated boronions
and the number of non-bridging oxygen ions in an alkaline-earth-borate glass.
This supposition can be described by the following rules:

(1) each BO4 tetrahedron is bound to one other BO4 tetrahedron, in other
words, double BO, tetrahedra are formed;

(2) non-bridging oxygen ions occur in BOs triangles only and are absent in
BO, tetrahedra.

From these rules two limits for the relative number of boron ions in fourfold

coordination, N4, can be derived:

for0<x<}: xy=1;, Na=x/(1—x); X=0; Y=3+ x/(1 —x);

for x =1 D xa=1; Na=73; X=0; ¥=34%;

for + < x < 3: =1pB—x)/x—1]; Ny=1[3—x/(1 —x)] 4.1
X ¢ [x/(A —x) — %5 Y=1B—x/(1—x

for x =% : x4 =0; Ng=0; X=3;Y=0.

As in the treatment in sec. 3.2.5 given for the alkali-borate glasses, the quan-
tity N4 may be represented by eq. (3.11):

Na = xax/(1 —x) = [x/(1 = 0)] [ + exp{—~(px + ¢)}]"". (4.2)

A relation for N4, which remains between the limits given by eq. (4.1) and which



shows a maximum at x = 0-40, is (fig. 4.3)
Na=[x/(1 —x)] {1 + exp (10-85x — 5-0)}~1. 4.3)

This relation does not provide an explanation for the phase separation occurring
at low concentrations of alkaline-earth oxide (fig. 4.1). A possible explanation
for this phase separation may be the following.

According to the equilibrium considerations of fig. 4.2 the incorporation of
the alkaline-earth ion in an alkaline-earth-borate glass requires the presence of
either two BOj4 groups bound to each other (structural unit ¢”’), or two non-
bridging oxygen ions close to one another (structural unit b). These structural
unifs are, a priori, less probable than the single BO4 group and the single BO3
group with one non-bridging oxygen ion located in the glass network at random
places. The a priori probability of pair formation, as represented by the
structural units » and ¢ (cf. fig. 4.2), increases with the number of single BO4
groups and single BO3 groups with a non-bridging oxygen ion, in other words,
with an increase in the amount of metal oxide. From a thermodynamic point of
view, the condition for pair formation may be characterized by a maximum in the
thermodynamic potential 4G in the composition range of 0 < x <x;. A 4G-x
curve of the shape of fig. 4.4 describes the phase separation occurring in the
range 0 << x < x;5. Each system with a composition in this range will tend to
the lowest attainable 4G. This means that a mixture of composition x4 will
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Fig. 4.3. The fraction of boron ions in tetrahedral coordination, N4, as a function of the
composition in alkaline-earth-borate glasses, according to eg. (4.3).
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Fig. 4.4. The trend of the thermodynamic potential AG as a function of the composition x
in the system alkaline-earth oxide — boric oxide.

lower its 4G from ¢’ to ¢ by separation into two phases of composition x = 0
and x = x;, in equilibrium. The equilibrium between the structural units » and ¢”
has no influence on this phase separation, as both types of units have in first
approximation an equal a priori probability.

If a part of the BOy groups and the BOs groups with a non-bridging oxygen
ion are not forced to form pairs, the AG of the system in the range 0 << x < x5
will be lowered. Hence, as the number of unpaired groups increases, the range
in which phase separation occurs becomes narrower. Unpaired groups can be
introduced in alkaline-earth-borate glasses by the addition of alkali oxide. It
has been found that the addition of 3 to 6 mol.% K20 to one mole of an
alkaline-earth-borate glass can give homogeneous glasses without phase sepa-
ration (fig. 4.1).

It can be seen from table IX that the value of x; (fig. 4.4) is influenced by the
nature of the alkaline-earth ion. A high ionic field strength 2z/a2 (cf. table X)
gives rise to a high value of x;.

4.3. Experimental results and discussion

4.3.1. Introduction

Generally speaking, the optical spectra of the alkaline-earth-borate glasses,
given as plots of the optical density a (in cm™1) versus the energy (in eV),
show the same types of bands as the spectra of the alkali-borate glasses. There
are however differences in the intensities of the bands as a function of the
composition and the nature of the metal ion. It should also be remembered that
most of the glasses contain a small amount of potassium oxide, which will
certainly influence the shape of the various spectra. At appropriate compositions



in the series of barium- and strontium-borate glasses, comparative measurements
have been made on samples with and without additional potassium oxide.

4.3.2. The radiation-induced optical-absorption spectra

Band bt (&~ 2 eV). The optical b1-band, which is believed to arise from colour
centres that may be described as a non-bridging oxygen-ion vacancy which has
captured a pair of electrons, has been detected in glasses with a large amount
of barium, strontium or calcium oxide (figs 4.8, 4.7, 4.6). In the composition
range where magnesium-borate glasses could be prepared, no b1-band was found
(fig. 4.5). With a decrease in the ionic field strength (cf. table X) the br-band
increases and shows a small shift to lower energy values. The trends described
here for the alkaline-earth-borate glasses are similar to those observed with
alkali-borate glasses, but appreciably weaker; this may be explained as follows.
The formation of br-centres requires the presence of non-bridging oxygen
tons in a network with a relatively low degree of coherence, in other words, a
high alkaline-earth-oxide content and a low ionic field strength favour their
formation. From the relation for N4 for alkali- and alkaline-earth-borate glasses
(cf. eqs (3.13) and (4.3)) it can be deduced that Xaikaline eartn is smaller for
any value of x than Xaikan (cf. figs 3.7 and 4.3). All the alkaline-earth ions have
a field strength exceeding the values for the alkali ions (table X), which means
that the alkaline-earth ions with their partial network-forming character
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Fig. 4.5. The radiation-induced optical spectra of magnesium-borate glasses.
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Fig. 4.6. The radiation-induced optical spectra of calcium-borate glasses.

TABLE X

Tonic field strength 2 z/a? of alkali and alkaline-earth ions

ion 2z{a®  |coord. number ion 2z/a®  |coord. number
Lit+ 045 4 Be2+ 1-51 4
Na+ 0-35 6 Mg2+ 1-02 4
K+ | 027 9 Mg2+ 0-90 6
Rb+ 0-24 10 Ca2+ 0-69 8
Cs* 0-21 12 Sr2+ 0-58 8
Baz?+ 0-51 8
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contribute to the coherence of the network to a greater extent than the alkali
ions. The influence of the additional potassium oxide on the energy and the
intensity of the band appears to be smali (cf. fig. 4.8).

The bands c1, cm1 and ¢xir (39 eV, &~ 5eV, > 6eV, respectively). We concluded
in the discussion of the spectra of the alkali-borate glasses, that it seems reason-
able to assign the c¢1-, crr- and em-bands to colour centres which may be
described generally as an electron hole captured in a BO4 group (cf. sec. 3.3.4.3).
These bands are discussed rather briefly here. The following trends may be
observed (figs 4.5, 4.6, 4.7, 4.8):

— an increase in the alkaline-earth-oxide content (x) generally causes the
crmir-band to decrease in comparison with the cir- and cr-bands;

— with a further increase in x the ci-band decreases in comparison with the
c1-band;

— both effects increase with a decrease in the ionic field strength.

75 T I | T T
bl sro B,0, K,0 |
L — 005 mol 095 mcl 0-04 mol 3.105R
B ——— 05 ,, 085 ., .., 105R A
—_—— 025 |, 075 R .
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Fig. 4.7. The radiation-induced optical spectra of strontium-borate glasses.
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Fig. 4.8. The radiation-induced optical spectra of barium-borate glasses.

These trends agree reasonably with the changes in the intensity of the ¢i-,
c1i- and cirp-band in the alkali-borate glasses, which would seem to indicate a
similarity between the structural changes in the alkali- and the alkaline-earth-
borate glasses as a function of the composition and the field strength.

Another indication of this similarity may be found in the ratio of the un-
resolved cr-band heights (o) at room temperature (298 °K) and liquid-nitrogen
temperature (78 °K) as a function of the composition. The values of the ratio
asgs/aqg for the various alkaline-earth ions in borate glasses are all of the same
order of magnitude (table X1), values for the barium-borate glasses being on
the low side. These values are also of the same order of magnitude as found
for the alkali-borate glasses (cf. sec. 3.3.2.2).
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TABLE XI

The ratios asgg/azs of the ci-band (3-8 eV) in alkaline-earth-borate glasses with
(K+) and without (—) additional potassium oxide

on x| 005 010 | 015 | 020 | 025 | 030 | 035 | 040
Mg+K*) | — — | — [(©37) 029 | 023 | 027 | 0-28
Catt (K% | — | — 025 | 025 027 | 027 | 027 | —
Sr++ (K+) — | — 025|027 | 022 |02 | 025 | —
Sr++ (=) — = = = —lo3 o3| —
Ba++ (K*) — | — 023 019 | 014 | 010 | 010  —
Ba*t+ (—) — | — ] = 019019 018 | 018 6 —

4.3.3. The radiation-induced ESR spectra

The ESR spectra of irradiated alkaline-earth-borate glasses show the same
types of bands as the alkali-borate-glass spectra, but differences are found in
the composition dependence of the bands.

In glasses with a small x, the six bands of the B2O3-glass spectrum are found.
As we have seen, these arise (apart from the small band at g = 1-993) from
colour centres with a structure which may be described as an electron hole
captured on one oxygen ion in a BO4 group. The hole may jump to another
of the four oxygen ions with a low frequency, so that the ESR equipment
“sees” the hole on one particular oxygen ion (cim-centre, sec. 3.3.4.3).
This is the anisotropic four-band spectrum. With an increase in x this spectrum
gradually changes into an isotropic four-band spectrum which may be assigned
to an electron-hole centre, the hole being captured on one of the four surround-
ing oxygen ions of a BO4 group. In this case the hole jumps from one of the
four oxygen ions to another with a high frequency so that the ESR equipment
cannot “see” on which oxygen the hole is located (centre type cir). An almost
pure isotropic four-band spectrum is found in the potassium-borate glass with
x = 0-35 (fig. 3.22).

In the series of magnesium-borate glasses (fig. 4.9) the replacement of the
anisotropic by the isotropic four-band spectrum is not yet accomplished even
at x = 0-40. At this composition the spectrum still resembles the complex
intermediate spectrum found for the potassium-borate glass with x = 0-30
(fig. 3.22). In the series of calcium-, strontium- and barium-borate glasses
(figs 4.10, 4.11, 4.12) the four isotropic bands are well established in systems
with x = 0-35. The resolution of these spectra becomes however less pro-
nounced in the sequence calcium, strontium and barium. This effect is similar
to the decreased resolution of the four bands in the rubidium-borate glasses
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and their complete disappearance in a caesium-borate glass of composition
x = 0-40. The remaining single band in the caesium-borate-glass spectrum has
been attributed to an electron-hole centre, the hole orbiting in the electron
clouds of the oxygen ions in a BO4 group (cr-centre), but the centre
being influenced to such an extent by the desintegration of the network that
a resolved hyperfine structure could not be observed. Such an unresolved broad
band is also believed to be present as background in many other glasses, but is
only clearly observable in the strontium- and barium-borate glasses with a high
value of x.

From a number of spectra of barium-borate glasses with and without addi-
tional potassium oxide it may be concluded that the local structure (the
structural units) is only slightly influenced by the potassium ions. However,
the bulk structure does definitely change on the addition of potassium oxide,
as may be seen from the vanishing of the phase separation.

4.4. Conclusions

In an alkaline-earth-borate glass three types of structural units may be
distinguished (table XII): a boron ion triangularly coordinated by three bridging
oxygen ions (ag-unit), two boron ions both triangularly coordinated by two
bridging oxygen ions and one non-bridging oxygen ion with an alkaline-earth
ion as a charge compensator (b-unit), and two adjacent boron ions both tetra-
hedrally coordinated by four bridging oxygen ions with an adjacent alkaline-
earth ion as a charge compensator (c¢”-unit). The amounts of each type of
structural units depend on the concentration of the alkaline-earth oxide. From
a hypothesis for the structure of alkaline-earth-borate glasses relations have
been derived for the relative number of boron ions in tetrahedral coordination
(Ng) and the mean number of non-bridging oxygen ions per polyhedron (X).

Upon irradiation colour centres are formed of the types b1, ¢, c1x and cr11,
as are found in alkali-borate glasses. The dependence on the concentration and
the type of alkaline-earth ions of the numbers of the various types of centres
differs from the dependence, found in the alkali-borate glasses. A number of
marked differences are:

(1) the number of bi-centres is considerably smaller;

(2) the energy of the br-band is less influenced by a decrease of the field
strength of the alkaline-earth ions;

(3) the decrease in the number of cri-centres combined with an increase in
the number of cr-centres with a rise of the alkaline-earth-oxide concen-
tration is less pronounced.

These effects may be explained as follows. The value of Ny for alkaline-earth-
borate glasses is greater and hence the value of X is smaller for any given
x-value than for the alkali-borate glasses. Furthermore, the alkaline-earth ions
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Survey of types of structural units in alkaline-earth borate glasses and the types of radiation-induced colour centres, with the corresponding optical-
and ESR-absorption bands

structural unit induced absorption bands type of colour centres
_ optical ESK | formed upon irradiation occurrence in borate glasses in
type structure R - - - . —| order of decreasing number
type energy (eV) mean g-factor type model
a v X
p—o- — — — — — —
O
7
b » MY d br 21 b 0o Ba
\ / 21 SN Sr 025
/ —QO O—B\ 22 - k I Ca x> |
P Q 23 O Mg o
¢ | e 38 2:014 e /"dl}\" Ba |
(Ij M (? singlet ‘C{—||3—/¢‘ SCra large x
-O—B—0— - S
© i i_o o Mg
]
crr ~5 2-:010 ar
isotropic .
quadruplet medium x
Ag = 0-008
cim >6 2:012 e ; Mg
anisotropic — 8-S Ca
quadruplet | > Sr small x
Ag =0-008 : Ba
. . _ 24 1-993 _ ? small x
singlet




— 64—

have a higher field strength. Thus the degree of coherence of the network of

alkaline-earth-borate glasses is usually higher. Therefore:

ad (1): a smaller value of X and a higher degree of coherence make the forma-
tion of bi-centres less likely;

ad (2): the small change in the br-band energy is also believed to be due to
the higher degree of coherence;

ad (3): the formation of cj-centres is favoured by the presence of large ion
and a high alkaline-earth-oxide concentration; the relatively small ionic
radil of the alkaline-earth ions may explain the less pronounced effect
here.
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5. COLOUR CENTRES IN PHOSPHATE GLASSES

5.1. Introduction

Kreidl and Hensler 1,2) were the first to report on colour centres in phos-
phorus-containing glasses, in their studies on gamma-irradiated multicompo-
nent glasses. They studied the influence on the formation of colour centres of
minor amounts of added impuritites, such as Ce, Ti, Fe, etc.

Bishay 3) studied the influence of the various alkali and alkaline-earth ions
on the induced optical-absorption bands in a number of irradiated phosphate
glasses. Small additions of Ge, Ti, Fe, T1, Nb and As were found to inhibit the
induced colouration in the visible part of the optical spectrum.

Karapetyan and Yudin 4) were the first to propose models, based on their
ESR and optical experiments with sodium-, calcium- and zinc-phosphate glasses,
to explain the reaction products of the ionizing radiation in phosphate glasses.

Tucker %) explained his ESR data with a structural model for the colour cen-
tres in phosphate glasses which differs essentially from Karapetyan and Yudin’s
model. :
Bishay and Ferguson ) have reported on the influence of the polarizing
power, the coordination number of network-forming and -modifying ions, the
concentration of non-bridging oxygen ions and the presence of multivalent net-
work-forming or -modifying ions on the induced colouration in phosphate
glasses.

In a recent paper, Schreurs and Tucker 7) established an empirical correla-
tion between the ESR spectra and the optical spectra of irradiated sodium-sili-
cate glass and calcium-metaphosphate glass. They proposed a model for one
of the colour centres produced in these glasses, which gives rise to optical ab-
sorption in the visible region of the spectrum and a characteristic ESR absorp-
tion, which they believed to be applicable to a wider variety of glasses.

In this chapter a systematic study of optical and ESR spectra of irradiated,
simple binary phosphate glasses wiil be given. The results and conclusions will
be compared with those of the authors mentioned above.

5.2. The structure of phosphate glasses

5.2.1. Introduction

The structure of phosphate glasses has been shown to be similar to that of
silicate glasses 8). Each phosphorus ion is tetrahedrally surrounded by four
oxygen ions and each pair of PO, tetrahedra may only share one oxygen ion
with one another. However, the pentavalency of the phosphorus ion gives rise
to anomalies in the properties of phosphate glasses as compared with corre-



sponding silicate glasses. In the following sections the evolution of the theory of
the structure of phosphate glasses will be reviewed and discussed.

5.2.2. The structure according to Kordes et al.

Kordes, Vogel and Feterowski 9) studied the influence of the composition of
various binary phosphate glasses on the molecular volume, the refractive index
np, the Abbe number », the density and the molar refraction. They concluded that
phosphate glasses which show a gradual change in these physical quantities
with the composition, must be isostructural with the corresponding silicate
glasses. These are therefore called the normal phosphate glasses. On the other
hand, Kordes et al. observed abrupt changes in the physical properties of cer-
tain phosphate glasses at the metaphosphate composition. These phosphate
glasses are called anomalous. Kordes explains the difference in behaviour as
follows: P2Os glass itselfs consists of an extended network of PO, tetrahedra,
each of which shares its three corners with other tetrahedra, whilst the
unshared oxygen ion is doubly bonded to the phosphorus ion. In the
“normal” glasses addition of the metal oxide results in a breakage of P-O-P
bonds, giving non-bridging singly bonded oxygen ions, the metal ions entering
into the interstices of the network as modifiers. In the “anomalous” phosphate
glasses, such as those containing BeO, MgO or ZnO, the metal ions are four-
fold coordinated and act as network formers in the range from pure P20s5 to
the metaphosphate composition. In the range beyond the metaphosphate
composition the extra metal ions act as modifiers, entering into the interstices
of the network, as in the normal phosphate glasses. According to Kordes this
change in behaviour of the metal ions at the metaphosphate composition may
be used to explain the abrupt changes in the property-composition curves.
From this theory one may conclude that in the case of the normal phosphate
glasses the coherence of the network decreases with increasing amount of metal
oxide. In the case of the anomalous phosphate glasses the coherence of the
network increases up to the metaphosphate composition. Beyond this composi-
tion the coherence decreases with increasing amount of metal oxide.

5.2.3. The structure according to Elyard et al.

Elyard, Baynton and Rawson 10) investigated the influence of the composi-
tion of phosphate glasses on the thermal-expansion coefficient and the activa-
tion energy for viscous flow. Their data show a decrease in the expansion co-
efficient and an increase in the activation energy of viscous flow with increasing
metal-oxide content in the composition range between pure P2Os and the meta-
phosphate glass for both normal and anomalous phosphate glasses. In other
words, an increase in the metal-oxide content in this composition range in both
types of phosphate glasses gives rise to an increase in the rigidity of the glass
network. They put forward two explanations for this effect:
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(1) Certain groups of polymerised POy tetrahedra may exist in a pure P2Os
glass (fig. 5.1a). On addition of metal oxide, a P-O-P bond is opened in two
neighbouring groups and -O-M-O-bridges are formed between these two
groups (fig. 5.1b). This mechanism requires bivalent metal ions and cyclic
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Fig. 5.1. Structure of a phosphate glass, according to Elyard et al. 10),
(a) Structure before addition of MO,
(b) Structure after addition of MO.

polymers of POy tetrahedra. The oxygen ions doubly bonded to a phospho-
rus lon are not involved in this mechanism, hence their number remains
unchanged after addition of metal oxide.

(2) Addition of metal oxide to a pure P:Os glass causes breakage of P-O-P
bonds, leading to the presence of singly bonded non-bridging oxygen ions
with an adjacent metal ion as a charge compensator. If this metal ion is also
located near a doubly bonded non-bridging oxygen ion, there will be a tend-
ency for valancy electrons to move from the latter to a second singly
bonded non-bridging oxygen ion, enabling a second -O-M-O-bridge to be
formed:

| l
—[—OM++O=F|°—O M++O=l|:’5|?] —

+o—M—o— i:D—o—M—O—rllD-]—n .
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This mechanism is operative with both monovalent and bivalent metal ions
and explains the decrease in the number of doubly bonded non-bridging
oxygen ions on addition of metal oxide.

Both explanations ascribe a certain network-forming action to the metal ions.

5.2.4. The structure of alkali-phosphate glasses 11)

Kordes etal. and Elyard et al. did not discuss the structure of alkali-phosphate
glasses. This subject will therefore be discussed separately in this section.

Alkali-phosphate glasses dissolve easily in water. It was found that groups
of polymerised POy tetrahedra present in the glasses are practically unaffected
by hydrolysis in aqueous solution at room temperature 12). This has led to a
number of paper-chromatographic investigations on the constitution of the
groups of polymerised POy tetrahedra by Westman and his co-workers 11,13.14,
15),

It was established that linear POy polymers exist at each composition with
more alkali oxide than the metaphosphate composition, the chain lengths being
distributed around a certain mean value. At lower alkali-oxide contents, i.e.
below the metaphosphate composition, the phosphate glasses have a normal
three-dimensional network. This confirmed the picture of the structure of
phosphate glasses previously postulated by Van Wazer 16) on the basis of con-
cepts developed from studies of linear organic polymers. Brady 17) and Mil-
berg and Daly 18:19) concluded from their X-ray experiments that sodium-
metaphosphate glass consists of infinite linear polymers of PO, tetrahedra
cross-linked by O-Na-O bridges. In addition it may be concluded that in this
glass the sodium ions still act — although relatively weakly — as network-form-
ing ions to give the necessary bonding forces between the linear POs-polymer
chains.

5.2.5. Some critical remarks

The division of the phosphate glasses into two groups, normal and anoma-
lous, as proposed by Kordes et al., was based on the Zachariasen network theo-
ry in its simplest form 20.21). Elyard et al. pointed out that the properties of
phosphate glasses must be explained by a somewhat modified Zachariasen theo-
ry. Modifications are necessary to account for the gradual increase in the rigidi-
ty of the network, indicated by the decrease in expansion coefficient and the in-
crease in the activation energy for viscous flow, as the metal-oxide content of
the glasses is increased.

Kordes suggested that the breaks in the property-composition curves of his
anomalous phosphate glasses (magnesium- and zinc-phosphate glasses) may
be due to the fact that beyond the metaphosphate composition the extra metal
tons no longer act as fourfold-coordinated network formers, which strengthen
the network, but as network modifiers with a higher coordination number,



which strengthen the network to a lesser extent. This hypothesis does not hold
for certain properties of barium-, strontium- and calcium-phosphate glasses which
show extreme values at the metaphosphate composition (see e.g. ref. 9, fig. 6).
Elyard et al. pointed out that beyond the metaphosphate composition a differ-
ence still exists between the magnesium-, zinc-, cadmium- and lead-phosphate
glasses and the barium-, strontium- and calcium-phosphate glasses as regards
the network-modifying and network-forming character of these ions. The divi-
sion into two groups was based on the fact that phosphate glasses with ions of
the first group can be formed up to the pyrophosphate composition
(2MHO. P:0s5). With ions of the second group, devitrification already occurs
when about 7 mol. %, MIO is added beyond the metaphosphate composition.
These remarks do not appear to support Kordes’ views, but on the other hand
they do notexplain the extreme values at the metaphosphate composition either.

5.2.6. A hypothesis for the structure of binary phosphate glasses

Generally speaking, the rigidity of a glass network depends on the number of
bridging oxygen ions per polyhedron. In the case of phosphate glasses we have a
more complex structure as compared to that of the silicate glasses.

A hypothesis for the structure of phosphate glasses must account for the fol-
lowing effects:

(1) the increasing rigidity with increasing amounts of metal oxide;
(2) the differing increase in rigidity for each metal oxide added;
(3) the marked change in many properties at the metaphosphate composition.

According to Elyard’s first structural model (cf. sec. 5.2.3) the network is
strengthened only by the presence of cyclic polymers of POy tetrahedra and bi-
valent metal ions. However, a chromatographic analysis of a sodium-meta-
phosphate glass shows 14) that 92:59% by weight of the polymers are non-cyclic.
Moreover, the presence of P-O-Na-O-P cross-links in this glass has been estab-
lished by X-ray analysis 17-18:19)_ It may therefore be assumed that strengthen-
ing according to Elyard’s first model gives only a small contribution to the rigi-
dity of the phosphate-glass network (see point (1)).

Elyard’s second model, which allows bridges between singly and doubly
bonded non-bridging oxygen ions by means of a metal ion, does not require
any special conditions such as the presence of cyclic polymers and bivalent
metal ions, as his first model did. Any metal ion may form these bridges, pro-
ducing an increased rigidity of the network. However, the strength of these
bridges depends on the metal ion used, since the network-forming action of the
metal ion will differ from ion to ion.

The order of magnitude of this network-forming action may be represented
by the field strength 22) 2 z/a2, where 2 and z are the charges on the oxygen ion
and the cation, respectively, and a is the distance in A between the ionic centres
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of the oxygen ion and cation. Network formers are found among the high-field-
strength ions (table XIII).

TABLE XIII

Jonic field strength 2 z/a? of a number of ions

ion coord. 2z/a®| ion coord. 2z/a? ion coord. 2z/a?
number number number

p5+ 4 4-33 | Tiat 6 2-:08 | Ca2t 8 069
B3+ 3 322 A+ 4 1-94 | Pb2+ 6 0-68
Asdt 4 320 | A3t 6 169 | Sr2+ 8 0-58
Sidt 4 314 | Zrit 8 1-55 | Ba?t 8 0-51
\'A 4 3-08( Be?t 4 1-51 | Li*+ 4 045
B3+ 4 2:90 | Thi+ 8 128 | Nat 6 0-35
Gedt 4 2:65 | Zn2+ 4 1-08 | Kt 9 0-27
Sbs+ 4 2:45 | Mg?t 4 1-02 | Rb+ 10 0-24
Mg2+ 6 090 | Cst 12 021

Elyard’s second model combined with the influence of the field strength of
the metal ions may account for the effects mentioned under (1) and (2).
It is unlikely that the effect mentioned under (3) can be explained by a sudden
change in coordination number of the metal ions at the metaphosphate com-
position (cf. Kordes” model), as observed in phosphate glasses containing
metal ions with an appreciable difference in field strength.

Van Wazer 18) postulated that the introduction of metal ions in a phosphate
glass may break the network at the weak places in the POy polymers, i.e. at
places where the polymers branch. It has been concluded 1) from this theory
that a metaphosphate glass consists of infinitely long POy chains cross-linked by
0O-M-O bridges, as described by Elyard’s second model. A further addition of
metal oxide gives rise to a decrease in chain length. It is believed that below the
metaphosphate composition the phosphate glasses have a three-dimensional
network structure. Above this composition they consist of finite, linear polymer
chains of POy tetrahedra. This structural change at the metaphosphate compo-
sition is believed to be responsible for the effect mentioned under (3).



1t follows from the proposed structure of phosphate glasses that four differ-
ent types of structural units are involved.

ey

0

I

An oxygen ion bound between two phosphorus ions:

|

This unit contains a classical bridging oxygen ion.

An oxygen ion bound to one phosphorus ion with one valency only:

|
=F|>—o M)

The negative charge of the oxygen ion (a classical non-bridging oxygen ion)
is compensated by a metal ion M+ acting as a network modifier.

An oxygen ion bound between a phosphorus and a metal ion, the latter
acting as a network former:

This oxygen ion may also be classified as a bridging oxygen ion. It is clear
that the contribution to the rigidity of the network of this type of oxygen
is smaller than that of the classical bridging oxygen ion.

(1V) An oxygen ion doubly bonded to one phosphorus ion:

This oxygen ion does not contribute to the rigidity of the network and is
therefore in this respect akin to the classical non-bridging oxygen ion.

In theory a metal ion in a phosphate glass may be bound purely ionically to
the network by an oxygen ion of unit IT or purely covalently by oxygen ions of
unit I1I. In a real phosphate glass, however, the metal ions are believed to be
bound to the glass network in an intermediate way, which may be represented as
a hybrid between the structural units II and 111. A low field strength of the metal



ions involved gives the hybrid a type-II character, whereas a high field strength
causes the hybrid to adopt a type-III character:

| | |
=rr—o M ——HYBRID —P—O—M—

unit II unit ITI

Pure P2Os glass contains the units T and IV only. Addition of metal oxide in
fact gives rise to the formation of a hybrid between the units II and III at
the expense of a part of the units IV {cf. sec. 5.2.3).

It will be noticed that these structural units are considered as being centred
on the oxygen ion, since the nature of this ion is the most important feature of
these units; the structural units of the borate glasses, on the other hand, were
represented as centred on the boron ion, since here the coordination number of
the boron is the important feature.

5.3. Experimental results and discussion

5.3.1. Introduction

The same conventions are used for a quantitative discussion of the ESR and
optical spectra as in earlier sections (cf. secs 1.3.2, 2.2 and 2.3.2).

The compositions of the phosphate glasses to be discussed are given in mole
fractions of metal oxide (M2O or MO) and fractions of half a mole of phospho-
rus pentoxide (PO2.5). These compositions are directly comparable with those
of silicate glasses, which are given in mole fractions of metal oxide and SiOa.

5.3.2. The radiation-induced optical-absorption spectra

5.3.2.1. The bands in the spectra

Three major bands may be observed in the radiation-induced optical-ab-
sorption spectra of phosphate glasses, which are given as plots of the optical
density a (in. cm~1) versus the energy (in eV)(fig. 5.2).

The energy of the 2-4-eV band (band II) is practically independent of the metal
ion, while that of the 3-eV band (band III) changes with the metal ions. At a
higher energy (about 6 eV) a band (band IV) is found which could not be ob-
served directly because of the high intrinsic absorption of the phosphate glasses
in this region. However, the incline of the absorption curve between 4 and 5eV
gives an indication of the magnitude of this band. The absence of a band I
will be explained below.
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Fig. 5.2. The radiation-induced optical spectra of lithium-phosphate glasses.

5.3.2.2. The influence of the composition on the bands

Band 11 (2-4 eV). In the barium-phosphate glasses the intensity of band II
(which contains only a small contribution from the relatively weak band TII)
increases with the barium-oxide concentration (fig. 5.3). This trend is not clear-
ly observable in the series of lithium- (fig. 5.2) and magnesium-phosphate glass-
es (fig. 5.4) which may be due to differences in the rate of formation of the
colour centres caused by secondary effects such as inhomogeneities in compo-
sition. In glasses with the composition 0-20 MO . 0-80 POs.5, the intensity of
band IT increases from magnesium to barium (fig. 5.5).

These effects combined with the fact that the band energy is independent of
the metal oxide, support the conclusion that band II is due to a colour centre
containing P and O ions only, while the metal ions are involved in the formation
of the centres.

Band 111 (~3 eV). The energy of band III depends on the metal oxide present
in the glass (fig. 5.5). A high field strength of the metal ion corresponds to a
high band energy (table XIV). Band III was not found in the sodium-phosphate
glasses (fig. 5.6). The concentration dependence of the intensity of band I1I in
the magnesium- and lithium-phosphate glasses could not be established unam-
biguously, as this band is overlapped by band II, but the estimated ratio of the
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TABLE XIV

The energy of band III in relation to the field strength of the metal ions involved

metal ion field strength 2z/a? energy of band III (eV)
Mg2+ 1:02(4-coord.) 33
Mg2+ 0-90(6-coord.)
Ca?t 0-69 32
Sre+ 0-58 31
Ba2+ 0-51 3-0
Lit 0-45 3-0
Na+ 0-35 —
/6 T T T
15t .
A .
13+ .
12+ i
" .
o J
9r J
8t 4
= l
g 7t ! _
= |
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Fig. 5.3. The radiation-induced optical spectra of barium-phosphate glasses.
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Fig. 5.4. The radiation-induced optical spectra of magnesium-phosphate glasses.

heights (cqr and arp) of the bands 1II and II in the alkaline-earth-phosphate
glasses (0-20 MO. 0-80 POa.5) indicates that band I1I becomes smaller compared
with band II as the field strength of the metal ions decreases (table XV). A
similar effect is observed with an increase of the barium-oxide concentration
in barium-phosphate glasses (fig. 5.3).

From the results obtained so far it may be concluded that the metal ions {form
part of the band-III colour centres and of their progenitors.

TABLE XV
The ratio amr/ar in glasses of the composition 0-20 MO. 0-80 PO2 5

Mg2+ Ca2+ Sr2+ Ba2+

arrfarz 10 07 0-1 0-06




76—

95— : . :
b 0-20mol MO 080 mol POyg
Ba 105R

By P :
12t Mo -
nt _
10p |
9t .
8 |

— - ot(cm)
w
T

Fig. 5.5. The radiation-induced optical spectra of glasses of the composition 0-20 MO. 0-80
POa2.s.

Band 1V (~06eV). As pointed out, an indication of the intensity of band IV
is given by the incline of the absorption curve between 4 and 5 eV. This incline
is found to decrease with an increase in the field strength of the metal jons.

5.3.3. The radiation-induced ESR spectra

5.3.3.1. The two-band spectrum

All the irradiated phosphate glasses discussed in this chapter show a basic
ESR spectrum as given in fig. 5.7a, which is the recorded first-derivative curve
of irradiated BeP2Og glass. The integrated curve (fig. 5.75) could be resolved in-
to two identical bands, which are somewhat asymmetrical. This resolution was
obtained by trial and error. The mean g-factor was about 2:009 in the glasses
investigated. The hyperfine splitting was somewhat dependent on the metal
oxide present (table XVI).
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Fig. 5.6. The radiation-induced optical spectra of sodium-phosphate glasses.

T
Be P206

1-980

Fig. 5.7. The radiation-induced ESR spectrum of BePsQOg glass.
(@) Observed first derivative of the spectrum.

(b) Solid curve: integrated curve 5-7 (a); dashed curve: resolved hyperfine bands.
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TABLE XVI

The mean g-factor and the hyperfine splitting Ag of the ESR doublet observed in

irradiated alkali- and alkaline-earth-phosphate glasses

metal ion g-factor hyperfine splitting Ag
Be2t 2-:0087 0-018
Mg2+ 2-0090 0-021
Ca2+ 2-0090 0-023
Sr2+ 2-0088 0-023
Ba?+ 2-0089 0-023
Li*+ 2-:0090 0-023
TABLE XVII

Abundance of the isotopes in a glass of composition MP2Og

isotope natural atom % in nuclear

abundance (%) glass spin
H1 99-9 1 1/2
p3t 100 22 1/2
O16 99-76 66 —
017 0-04 0-03 52
018 0-20 0-17 —
Be?® 100 11 3/2
Mg?2s 10-1 1 5/2
Cat3 0-13 01 712
Sr87 6-96 08 9/2
Bal3s 6-56 0-7 3/2
Bais? 11-24 1 32

The hyperfine splitting into two equal bands must be due to the isotope P31
with spin = 1/2, as may be concluded from table XVII. The paramagnetic centre
producing these two bands may be described asan electron-hole centre (g > 2.0023)
adjacent to a P31 nucleus. The hole shows no direct interaction with the metal
ions, but beryllium and magnesium ions do have a slight influence on the
hyperfine splitting due to the P31 nuclei (cf. table XVI).
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The form of the ESR spectrum may be represented by eq. (2.11) of sec. 2.3.2
(cf. fig. 5.8) if it is assumed in addition that
|4l/g)) = |Bl/gy and I=1/2

and that a number of line-broadening effects are involved (cf. sec.2.3.2). This
means that the centre experiences an axially symmetrical crystalline field, hence
the PO, tetrahedron involved will be of axial symmetry.

Fig. 5.8. The ESR spectrum of a glass according to eq. (2.16) for g, > g,, I = 4 and |4|/g), =
|Bl/g,-

5.3.3.2. The radiation-induced ESR spectra of glésses with a low
concentration of strontium oxide or barium oxide

Glasses with a low concentration of metal oxide are prepared from concen-
trated HaPOy4 and the carbonate of the required metal ion. Under the condi-
tions used for the preparation of the phosphate glasses (electrically fired fur-
nace; in air) the glasses with a low concentration of strontium and barium oxide
could not be freed from a part of the water,and remained sticky after quenching.
Their ESR spectra contained two new bands (g1 = 2-:009; g2 = 2-003) and the
hyperfine doublet decreased rapidly with the appearance of these bands (fig. 5.9).
If dry nitrogen is bubbled through during the melting of a batch of composi-
tion 0-15 SrO. 0-85 PO2.5 the glass thus obtained is not sticky after cooling and
the ESR spectrum shows only very slight traces of the new bands, while the two
hyperfine bands show intensities comparable with those in the glasses with a
higher strontium-oxide concentration. It is therefore believed that the two new
bands are due to the presence of a larger amount of hydrogen ions in these
glasses.

5.3.4. Comparison and discussion of the optical- and ESR-absorption spectra

The nature of the colour centres formed upon irradiation in glasses depends
on the structural units present in the glass. In phosphate glasses below the
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Fig. 5.9. The radiation-induced ESR spectra of strontium-phosphate glasses.

metaphosphate composition the POy tetrahedra form a three-dimensional net-
work with additional -O-M-O-bridges. Beyond this composition the glass consists
of an assembly of chains of POy tetrahedra, cross-linked by -O-M-O bridges.
This change has a great influence on many properties of the glasses, especially
on those which depend on the bulk rigidity of the network. The properties of
the colour centres, however, do not depend on the bulk rigidity of the glass
structure but are determined by the local rigidity in the structural units.
This explains the absence of changes in the properties of the colour-centre
bands at the metaphosphate composition. The ESR doublet which was
found in all the phosphate glasses investigated (figs 5.7, 5.9 and 5.10) is believed
to be due to an electron-hole centre adjacent to a P31 nucleus in a crystal field of
axial symmetry. A simple model of such a colour centre is an electron hole on an
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oxygen ion which is singly bonded to one phosphorus ion only. The mechanism of
formation of such a centre may be described as follows. Several types of oxygen
may be present in the structure units of the phosphate glasses (cf. sec. 5.2.6).
One of the units can be described as a hybrid between type II and type III, the
character of the hybrid depending on the field strength of the metal ion involved.

7 7 7
o=F|>—Q: v o=F|>—Q: M’ o=F|>—@
O Unit I O O Centre 11
1 | }( |
A
HYBRID HYBRID| — €
&
! I |
O O O
| . | | e |
OOt 00 -0—7-S
Q Unit 11t (P CI) Centre 11

Uponirradiation the oxygen ion adjacent to the metal ion may lose an electron.

The positively charged hybrid structure thus obtained may be neutralised in

three different ways:

(1) an electron is captured: the original structure is restored;

(2) the metal ion moves to some other site in the network: a colour centre of
type II is formed;

(3) a redistribution of the valency electrons takes place: a colour centre of type
11T is formed.

Whether colour centres of type II or type III are formed depends on the
bonding character of the metal ions. If the field strength of the metal ion in-
volved is small, in other words if the hybrid structure has a predominantly
ionic character (unit II) the metal ion may be moved to another site in
the network more easily (reaction 2) than in the case of a metal ion with a higher
field strength, which gives the hybrid structure a predominantly covalent char-
acter. In the latter case a redistribution of the valency electrons will be fa-
voured, colour centres of type 111 being formed (reaction 3).

These conditions for the formation of the two types of hole centres agree with
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Fig. 5.10. The radiation-induced ESR spectra of magnesium-phosphate glasses.

the properties of the induced optical bands IT and III (cf. sec. 5.3.2.2). An assign-
ment of band I (2-4 eV) to colour centres of type 11, and of band Il (x~3eV)
to colour centres of type IlI, seems justified as it also agrees with the conditions
that the band-III colour centres do contain metal ions and the band-II colour
centres do not. '

The formation of type-II centres is not only dependent on the field strength
of the metal ions but also on the coherence of the network. From the optical-
absorption spectra of the barium-borate glasses (fig. 5.3) it may be concluded
that an increase of the BaO concentrations, which lowers the degree of coher-
ence, favours the formation of centres of type Il with respect to the number
of centres of type III.

Now can the hyperfine doublet in the ESR spectra be assigned to both types
of colour centres or to only one of the two types ? Before an answer can be given
to this question, a more detailed discussion of the ESR spectra will be necessary.
The doublet bands show a slight anisotropy, which is due to a crystal field of
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axial symmetry around the hole centre. The structure of the colour centres of
type II does not show an axis of symmetry. However, it is conceivable that a
non-bridging oxygen ion with electron hole (centre II) can be converted into a
doubly bonded oxygen ion and vice versa by the jumping of one electron:

P
:Q:
P:é.:Pq;::OZG:.
.0/

If the jumping of the electron occurs with a high frequency, the ESR equipment
will “see” this centre as an axially symmetrical one.

This model is in agreement with the conclusions of Schreurs and Tucker 7),
who calculated from the hyperfine splitting that the orbit of the electron hole
around the P31 nucleus must be of the n-type, which implies that the hyperfine
interaction is of the dipolar type. The hyperfine splitting of the doublet of be-
ryllium- and magnesium-phosphate glasses is slightly less than that of the bar-
ium- and strontium-phosphate glasses (table X VI). It is believed that ions with
a high field strength in the direct environment of the centres may influence the
hyperfine interaction between the electron hole and the phosphorus nucleus.

Apart from a phosphorus ion, the colour centres of type III contain a metal
ion adjacent to the oxygen ion with the captured hole. It may therefore be
expected that the hole will interact with the phosphorus as well as the metal
nucleus, giving a larger number of bands. The number of bands due to hyper-
fine splitting is given by (251 4+ 1) (212 + 1), where I and Iz are the nuclear
spins of the phosphorus and metal nuclei, respectively. In the case of an axially
symmetrical crystal field, this number may be doubled. An unsymmetrical crystal
field may give rise to three times this number. Broadening effects and the low
intensity of each band may cause the ESR signal of this hole centre to be masked
by the doublet due to the centres of type II, which is always observed. This may
explain the absence of a specific ESR spectrum of colour centres of type III.
However, this apparent absence may also be explained in the following way.
The interaction between the electron hole and the metal nucleus will be weaker
thanthe interaction between the hole and the phosphorus nucleus. This difference
in interaction may give rise to a set of P31 energy levels, each of which is split
into (215 4+ 1) sub-levels due to the metal nucleus; these sub-levels will then be
located so close to each other that they cannot be resolved, which means that
centres of type III will show the same ESR spectrum as centres of type II. The
small change in hyperfine splitting of the doublet is probably due to a weak
interaction with the metal ions of a high field strength.
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The assignment of the optical band IV (& 6 ¢V) must be a tentative one, be-
cause of the rather vague experimental data on this band. It could be establish-
ed that the intensity of band IV tends to decrease with increasing field strength
of the metal ions. It is assumed that this band is due to an oxygen vacancy in a
POy tetrahedron, which has trapped two electrons (colour centre of type 1V).
A number of facts can be given which may support this.

(1) In glasses with a low content of metal ions with low field strength, structural
units may be present of almost pure type IV (doubly bonded oxygen). If
the colour centres of type I'V are formed according to the equation

their number will decrease with the number of units of type IV. As pointed
out before (cf. sec. 5.2.6), an increase in the field strength of the metal ions
will tend to convert units of type IV into the hybrid between type II and type
I11. This may explain the observed decrease of the intensity of band IV with
an increase in the field strength of the metal ions.

(2) The captured pair of electrons makes this centre undetectable by means of
ESR spectrometry. The ESR spectra contained no band with a g-factor
smaller than 2-0023, which would have indicated the presence of an unpaired-
electron centre in the glass.

(3) In fused silica an optical colour-centre band was observed at 5-8 eV, which
was attributed to an oxygen vacancy in an SiO4 tetrahedron which had cap-
tured one electron 23.24), This centre (with an unpaired electron) could be
detected by means of ESR measurements. The energy of the optical-absorp-
tion band of centres of this type is of the same order of magnitude as the band
energy of the centres of type IV,

5.3.5. Comparison of the proposed colour-centre models with those of other
authors

Karapetyan and Yudin 4) proposed models for the structure of an electron
centre and an electron-hole centre which both disagree with the models present-
ed in this thesis. Although the ESR doublet in their spectra has a g-factor greater
than 2-0023, they assigned it to an electron captured on a phosphorus ion. This
assignment is very likely to be incorrect.

Tucker 5.7} assigned the ESR doublet to a hole trapped in a 7-bonding orbital
in a PO4 group, which agrees with the model proposed in this paper. Tucker,
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like Karapetyan and Yudin, correlated the ESR doublet with the optical bands
II (24 eV) and III (a3 eV). This correlation agrees with the one that has been
proposed in this thesis, if it is assumed that the second explanation given in sec.
5.3.4 for the absence of a specific ESR spectrum of the colour centres of type III
is correct. The model given by Karapetyan and Yudin for the colour centres
causing the far-u.v. absorption (a6 eV) is a hole trapped on a non-bridging oxy-
genion as opposed to the captured electron pair in a doubly bonded non-
bridging oxygen vacancy proposed in the previous section.

5.4. Conclusions

Four types of structural units (I, IT, III, IV) may be distinguished in phosphate
glasses (table XVIII). It is believed that the metal ions are bound to the glass
network by an oxygen ion in a partly ionic (type II), partly covalent way (type
I1I), which is represented by a hybrid structure between the units of types II and
II1. Metal ions with a low field strength will be bonded in a hybrid structure of a
predominantly ionic character, while metal ions with a high field strength will
be bonded in a hybrid structure of a predominantly covalent character.

The three major colour centres could be correlated to the structure units II,
IIT and IV. For the sake of clarity the colour centres and the induced optical
bands involved have also been numbered II, III and IV; no colour centre has
been observed that could be correlated to structural unit L.

A colour centre of type II may be described as an electron hole captured on a
singly bonded non-bridging oxygen ion (unit IT). However, this hole may jump
to an adjacent doubly bonded non-bridging oxygen ion which results in a struc-
ture equivalent to the initial one. From the axially symmetrical shape of the ESR
band it may be conchuded that this jumping occurs with a high frequency, so that
the ESR equipment “sees” the hole centre as an axially symmetrical one.

A colour centre of type Il may be described as an electron hole captured on an
oxygen ion bonded to a phosphorus and a metal ion (unit 11T). This model also
shows an axis of symmetry, so that theoretically the asymmetrical ESR doublet
might equally well be assigned to this colour centre, if the hyperfine interaction
of the metal nucleus is weak compared with that of the phosphorus nucleus.
However, it can be shown to be likely that this centre does not give an experi-
mentally observable ESR spectrum, owing to the fact that the electron-spin
resonance is split up in many weak (anisotropic) bands by the interaction with
the phosphorus and the metal nucleus, these bands being obscured by the strong
doublet practically always found in phosphate glasses.

A colour centre of type IV may be described as an oxygen vacancy in a POy
group which has captured two electrons. This centre does not contain an un-
paired electron, which explains the absence of a corresponding ESR spectrum.
It may be concluded from the radiation-induced optical spectra that these cen-
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tres are correlated with the presence of doubly bonded non-bridging oxygen
tons (unit IV).

Apart from the above major types of colour centres in phosphate glasses, a
number of centres of as yet unknown structure are believed to be formed in
strontium- and barium-phosphate glasses at low metal-oxide concentrations.
These glasses contain a larger amount of “water”, which has been shown to be
responsible for the formation of these types of centres.

In irradiated phosphate glasses containing metal ions with a low field strength,
the amounts of colour centres of type II and IV are greater and of type III are
smaller (even falling to zero in sodium-phosphate glasses) than in glasses con-
taining metal ions with a higher field strength. These trends agree withthe hy-
pothesis for the structure of phosphate glasses given above.

In the barium-phosphate glasses it was found that increasing the barium-oxide
concentration increased the amount of type-II colour centres compared to that
of type-11I centres, which indicates that the formation of type-II centres is
favoured by a lower degree of coherence of the network.

It may be concluded further that any effect that increases the ration arr/armn
also increases the number of type-IV colour centres. Such an effect is a decrease
in the field strength of the metal ions. This means that a decrease in the field
strength of the metal ions gives the Aybrid structure more of an ionic character,
in other words, that the type-III units will be converted into units of type
IT and IV.

Many properties of phosphate glasses show a marked change at the meta-
phosphate composition. This has been explained by the change from a three-
dimensional network to an assembly of chains of POy tetrahedra cross-linked
by O-M-O bridges. In general the properties that show this effect, are related
to the bulk rigidity of the glass network. The colour centres, however, are not
related to the bulk rigidity, but to the local rigidity of the structural units of the
network. These units only alter gradually as the composition changes. This
doubtlessly accounts for the absence of a sudden change in the properties of the
colour centres at the metaphosphate composition.
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6. COLOUR CENTRES IN BOROPHOSPHATE GLASSES

6.1. Introduction

In this chapter an attempt will be made to obtain some information about
the structure of the borophosphate glasses by means of a study of the radiation-
induced colour centres in these glasses, using knowledge of colour centres in
borate and phosphate glasses, described in the preceding chapters.

6.2. The structure of borophosphate glasses

It has been found that the crystalline compounds of the composition
MUIIMVQy, such as BPOy4, BAsQ4, AlAsO4 and BVOq, are isostructural with
crystalline silica. So far pure BAsO4 and BVO4 and also mixtures of BAsOq4
and AlAsQO4 have been obtained in the vitreous state 1). By means of infrared
spectroscopy it has been shown that the boron ions in these glasses are three-
fold coordinated by oxygen ions. Therefore, the analogy in structure between
crystalline BMVOy4 and SiOg, does not hold for these compounds in the vitreous
state. This assumption could not be verified for BPOy since this compound
could not be obtained in the vitreous state.

If a certain amount of metal oxide is added, borophosphate glasses can be
formed. It is impossible to draw conclusions concerning the coordination
number of the boron ions from the infrared spectra of these glasses, as the
determining B-O vibration bands are obscured by other bands originating from
e.g. P-O vibrations.

In a study on the durability of phosphate glasses containing boron oxide
Kreidl and Weil 2) assumed that in these glasses BPO4 groups with a structure
similar to that of crystalline BPO4 are present.

In his study on glasses in the system NasO-B2Os3-P20s (fig. 6.1) Takahashi 3)
also ascribed the relatively high durability and transformation temperature to
the presence of BPO4 groups with a structure analogous to that in the crystalline
compound, made up of BO4 and PO4 groups both with four bridging oxygen
ions, the excess of negative charge on the BO4 group being compensated by
the excess of positive charge on the PO4 group.

It therefore seems justified to conclude that, apart from the typical structural
units present in borate and phosphate glasses, a specific structural unit may be
found in borophosphate glasses, consisting of a boron ion in tetrahedral co-
ordination with four bridging oxygen ions, the excess of negative charge being
compensated by an adjacent phosphorus ion in tetrahedral coordination with
four singly bonded oxygen ions (cf. table XIX).

These units will be referred to as units of type c¢p, where ¢, as in the borate
glasses, stands for a BO4 group and the subscript P indicates the nature of the



TABLE XIX

Types of structural units in borophosphate glasses
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charge compensator, in this case a PO4 group. For the sake of clearness, the
BO4 groups occurring in borate glasses will hereafter be referred to as units
of the types ¢u’ and cm”, where M indicates that the charge compensator
consists of an alkali or an alkaline-earth ion, and where the single and the
double accent refers to the number of BO4 groups.

Tt should be remarked that Takahashi did not take into account the probable
formation of BO4 groups as found in the alkali-borate glasses (c¢u'-units).

For the discussions given below it is useful to modify the definitions of the
parameters Ny and X somewhat, so that they are adapted to the specific types
of structural units that may be expected in the borophosphate glasses. The
modified definitions are as follows:

tot/V4 = the total number of boron ions in tetrahedral coordination relative to
the total number of network-forming ions (in this case: the total

number of boron and phosphorus ions); 6.1)
the total number of BO4 groups of the types ¢y’ and ¢y’

MNy = — — ; (6.2)

the total number of network-forming ions

the total number of BO4 groups of type cp

PNy = - T (6.3)
the total number of network-forming ions

X’ = the mean number of singly bonded non-bridging oxygen ions per poly-
hedron; (6.4)

X" = the mean number of doubly bonded non-bridging oxygen ions per
polyhedron. 6.5)

If the composition of the borophosphate glass is given by x MO.y BOj 5.
(1—x—y) POs.5, the following equations hold:

and wiNa + X' = 2x/(1 — %) (6.6)
X"+ Ny = [l = (x + ] —x) (6.7)

(if M has a low ionic field strength).
From the previous definitions it follows:

totVa = yNs + pNs (6.8)
and
totX = X" + X", (6.9)
Hence
Y=3+muNg +2pNs— X' =3 + 2 1otNa— 2x/(1l — x) (6.10)
and

Z = 1otX + Y =4 4 10tNs — p/(1 — x). (6.11)



6.3. Glasses in the system x Na,O. y BO.5. (1-x-y) PO,.5

6.3.1. The glass-forming region

According to Takahashi 3) the glass-forming region of this system may be
represented by the hatched area in fig. 6.1. It must be emphasized, however,
that the limits of this region depend somewhat on the preparation conditions.

P 02,5
Na;0—» @ fe) — (]
a2 (=] (=] (=] o

Fig. 6.1. Glass-forming region (hatched area) in the ternary system sodium oxide-boric
oxide-phosphorus pentoxide, after Takahashi 3).

A high rate of cooling of the melt 1) and an increased amount of structurally
bound “water” in the glass 4) will enlarge the glass-forming region.

6.3.2. Results of recent NMR measurements

In sec. 3.2.4 it has been shown that nuclear-magnetic-resonance spectra of
boron-containing glasses can give information about the number of tetrahedrally
coordinated boron ions. Bray 5:6) and Krogh-Moe 7) used this method on
alkali-borate glasses of varying composition. The method has also been applied
to four series of glasses in the system NasO-BO;.5-POas.5 8), represented by
the four lines k, I, m and »n in fig. 6.1. The values of N4 (eq. 6.1) for boro-
phosphate glasses have also been determined in this way here, the values of
uVs for alkali-borate glasses given by eq. (3.13) (cf. sec. 3.2.5) being used as
standard values. The location of the bands in the NMR spectra is only influenced
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by the nearest neighbours of the B! nuclei, viz. oxygen ions. The next-nearest
neighbours (the surrounding boron, phosphorus and metal ions) only show a
slight influence on the band width. Hence the NMR method can distinguish
between threefold-and fourfold-coordinated boron ions, but does not distinguish
between the two types of BO4 groups cx’ and cp.

The results of these measurements are represented in fig. 6.2. At compositions
on the right-hand side of the broken, vertical line in figs 6.2a and 6.2b, repre-
senting the tot/Ny values of the series & and [, respectively, no glass formation
takes place. However, if glasses could be prepared in this region, the 101/V4 vs
composition curve, after passing through a maximum, ought to decrease to
zero for pure P2Os glass e.g. as indicated in these two figures. At the boric-
oxide-rich side of these figures the tot/V4 curve decreases approximately linearly
with an increase in the POs.5 concentration. At about 0-15 mol. and 0-23 mol.
POs.5 for series k and /, respectively, the 10 /V4 curve deviates from this approxi-
mately linear relationship. The values of 101/V4 for the glasses of series mand n
are represented in figs 6.2¢ and 6.2d. The shape of the ot/Ng curves will be
explained in the following section.

6.3.3. A4 hypothesis for the structure of sodium-borophosphate glasses

In a sodium-borate glass the excess of oxygen ions introduced by the sodium
oxide may be taken up in the glass network as a fourth bridging oxygen ion
bound to a boron ion, forming a structural unit of type ¢y, or as a non-bridging
oxygen lon in a BO3 group, forming a b-unit (cf. table XIX). The amounts
of these two types of units are governed by the equilibrium

Na+ \o

|

O

[ .
-O0—B—0-+— B—O Na™.
| /
?

O

/

It has been shown 1n sec. 3.2.5 that the relative number of boron ions in tetra-
hedral coordination may be represented by

MNg = [x/(1 — x)1{1 +exp (11-5 x— 4-8)}1, (6.12)

if the composition is given as x NagO.(l—x) B2Os. In this chapter the com-
positions of the sodium-borophosphate glasses are given by x NacO. y BOy 5.
(1—x—y) POs.5. The pure borate glasses are found in this ternary system, where
x + y = 1 and the quantity »Nq is then given by eq. (6.13):

MNagyy_p = @3/ {1 + exp [11°5. 2x/2x + p) — 48]L (6.13)
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Fig. 6.2. 1otN4, mMNg and X’ as a function of the composition in four series of glasses in the
system NasO-BO1.5-POg2-5. In the figures, pNs = (otNa — mNa.

(a) line k& : Na20. 10 BOz15. p POa-s,

(b) line ! : 0-15 Naz20. 0-85 BOy-5. ¢ POgzs5,

(¢) line m : 020 NazO. y BO1-5. (0-80 — »)PO2.5,

(d) line n : x Naz0. (1 — x) (BPO4)o-5.
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In a sodium-borophosphate glass the excess oxygen ions introduced by the
sodium oxide may be taken up in the network in a way similar to that in the
borate glasses: in structural units of the types cu’ and b; however, the singly
bonded non-bridging oxygen ions as found in the b-units may now also be
bound to a phosphorus ion. As the sodium ions have a low ionic field strength,
the unit formed will be of type II rather than of type III, in other words the
sodium ion will be bound to the oxygen ion ionically rather than covalently.

The amounts of the three types of structural units will now be determined
by an equilibrium between units of type ¢m’ on the one hand and units of the
types b and II on the other hand.

|
o Mt
l N F/ N
S

cy'-unit unit IT/b-unit

If it is assumed that this equilibrium is not influenced by the ratio of the amounts
of units of type b and type II the number of units of type ¢y’ relatively to the
total number of boron ions in the borophosphate glass remains constant for a
given value of x/y. This may be expressed by

[(1 — x)/y] MNa = MmN,y ,-,, = constant (for x/y = constant). (6.14)

Combining eq. (6.13), which is valid when x 4 y =1, witheq. (6.14) a general
relation is found for aNy in alkali-borophosphate glasses:

MNs = [2x/(1 — 0)]{1 + exp [11:5. 2x/(2x + y) — 4-8]}-1. (6.15)
It follows from eqs (6.6) and (6.15) that
X = 2x/(1 — x)] [1 — {1 + exp [11:5. 2x/(2x + y) — 4-8]}‘1]. (6.16)

In sec. 3.2.5 it has been pointed out that eq. (6.12) describes the experimental
results only in the range NasO/B203 < 1'5. This means that eqs (6.13),
(6.15) and (6.16) are valid only for x/y < 3/4. It is experimentally found in
borate glasses that for x/y > 3/4 the quantity mN4,,,.,, decreases approxi-
mately linearly with increasing x and becomes zero for x = 0-54. The values
of mN4 in borophosphate glasses for x > 3/4 can be found by applying eq.
(6.14) to the value of MmNy, ,_,, in this range. In fig. 6.3 the quantities MmNy
and (mN4 + X') are represented for the glass-forming region of the system
Na20-B0;.5-PO2.5. The saddle-shaped surface converging to the point where
x + y = 0 (pure POq.5 glass) represents the values of y/N4. The slightly curved
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surface emerging from the line BO;.5-POs.5 gives the values of yNy + X' =
2x/(1 — x).

Apart from the formation of BO4 groups of type e’ upon addition of sodium
oxide, BO4 groups of type cp may be formed upon the addition of phosphorus
pentoxide. The total amount of the units of both types, which is represented
by the quantity 10t/Na, has been measured by means of nuclear magnetic reso-
nance as described in the previous section.

Na,0 BOyg

PO,5

Fig. 6.3. A three-dimensional representation of the value of M/N4 as a function of the com-
position of glasses in the system Na20-BO1.5-POq-5.

In two series of glasses in the system Naz0O-BOj.5-POz.5 with contant values
of x/y (line k in fig. 6.1: x/y = 1/10; line /in fig. 6.1: x/y = 3/17) the experi-
mental 1o1N4 curves follow the theoretical yN4 curves given by eq. (6.14), uptoa
POs.5 concentration of 0-15 and 0-23 mol., respectively. At higher PO2.5 con-
centrations the 01/V4 curves deviate from these theoretical values (figs 6.2a and
6.2b). Beyond the compositions given by the broken vertical lines no NMR data
could be obtained as these compositions lie outside the glass-forming region. If
glasses could be made here, the 1o,/V4 curves ought to pass through a maximum
and decrease to zero for x + y = 0, 1.e. for a glass consisting of pure phos-
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phorus pentoxide. These curves may be interpreted as follows in terms of the
proposed structural hypothesis. In glasses with a low POz.5 concentration,
BO4 groups of type ¢ only are present. At higher concentrations BO4 groups
of both type cm’ and type cp are formed. The experimental t,Ns and the
theoretical mN4 curves for another two series of glasses in this system are given
in figs 6.2¢ (line m) and 6.24 (line n). In fig. 6.2¢ the 0tN4 curve lies close to
the theoretical » N4 curve for low POs.5 concentrations and deviates at higher
concentrations as found for the series k and / in figs 6.2a and 6.2b. In fig. 6.24
where the ratio BOy.5/PO2.5 = 1 the (0t/V4 values are higher than the theoretical
m/Na values.

The NMR results for the four series k, [, m and n and eq. (6.15) have been
used to plot contours of equal ,tN4 and of equal pN4 (figs 6.4 and 6.5). The
proposition that tNs = 0 for the hypothetical glasses with x = 0 (no sodium
oxide) is based on the facts that N4 = 0 for x = 0 by definition and that
pNg = 0 for x = 0 in the similar glass of composition BAsOy, as has been
found by means of infrared spectroscopy 1), and in glasses consisting of pure
B203 and P20s, respectively.

Takahashi measured the chemical durability and the transformation temper-
ature of four series of glasses in the system NazO-BO1.5-POg.5 with NagO/POq.5

Na,0 ——

Fig. 6.4. (ot/Na contours in the glass-forming region of the system Na2O-BOj-5-POa-s.
() = compositions where the transformation temperature 7, reaches a maximum, after
Takahashi 3).
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N020 —_— P02.5

Fig. 6.5. pNa contours in the glass-forming region of the system NasO-BOj.5-POa:s5.
(® = compositions where the chemical durability reaches a maximum, after Takahashi 3).

ratios of 3/4, 1/2, 1/3 and 1/4, respectively. The transformation temperature
depends on the coherence of the network, which is favoured by the presence of
units of the types e’ and cp. The compositions of the four series are represented
by four lines in fig. 6.4. On each line the composition where the transformation
temperature is maximum is indicated by a circle. These maxima are indeed found
in a region where the numbers of units of the types ¢u” and cp given by the
parameter otN4 are maximum. The chemical durability does not specifically
depend on the coherence of the network, but on the solubility of the various
structural units present in the glass. In fig. 6.5 the compositions where the
durability is maximum in each series, are represented by circles. These com-
positions lie in the region where p/N4 1s maximum. It follows that the structural
units of type cp are attacked by water less than the other units in these glasses.
It is known from the crystalline compounds that BPO, is indeed less soluble
in water than its constituents BsO3 and P20s, which supports the conclusion
given-above.

It may be concluded that the proposed hypothesis for the structure of sodium-
borophosphate glasses, which is partly based on NMR measurements, gives a
basis for the explanation of the composition dependence of the few properties
that have been described in the literature up to the present time.
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6.4. Experimental results and discussion

6.4.1. Introduction

The radiation-induced optical and ESR spectra of borophosphate glasses
include absorption bands that originate from colour centres of types that can
be induced in borate and phosphate glasses. A survey of the absorption bands
of the relevant colour centres in borate and phosphate glasses is given in table
XX. It can be seen from the energy values of the optical bands and the g-factors
of the ESR bands that rather complex spectra may be expected, with appreciable
overlapping effects.

TABLE XX

The occurrence of radiation-induced optical and ESR colour-centre bands in
borate glasses of composition x M2O. (1 — x) BoO3 and phosphate glasses
of composition x M0. (1 — x) POg.5 and the structural units involved in

the structure and/or formation of the colour centres

optical band ESR band occurrence structural unit
no. lienergy(eV) components composition involved

br 1-5 — Cs20,B203 x > 025 BOg group with a

1-75 — Rb20,B203 ’s non-bridging oxygen
1-95 — K20, B2Og . ion (unit of type b)
2-1 — BaO or SrO, B2Os '

2:2 — CaO, B203 ',

23 — Na20 or MgO,B:203 .

11 2:4-2-5 doublet MO, PO25 any x PO4 group with a
g = 2-:009 M20, PO2-5 singly bonded non-
dg = 0-02 bridging oxygen ion

(unit of type Ib)
1L 3-0 G Li20, PO2:5 any x metal ion acting as
3-0 G, BaO, POs-s a network former
3-1 G, SrO, POs-5 (unit of type III)
32 (,») CaO, PO2:5
33 Gy MgO, POa-5
c1 3-8 singlet MO, B203 large x BOs group with
g = 2014 M20, B20Og3 four bridging oxy-
gen ions and a met-
c1r ~ 5 isotropic id. medium x al ion as a charge
quadruplet compensator (unit
g = 2010 of type ¢y’ or cx”)
Adg = 0-008
cur > 6 anisotropic id. small x
gquadruplet
g = 2012
Adg = 0-008
v ~ 6 — MO, PO2-5 any x PO4 group with a
M:0, PO25 doubly bonded non-
bridging oxygen ion
(unit of type 1V)
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In this chapter the colour centres in glasses in the system NazO-BO;1.5-POs.5
will be discussed first, as a more detailed picture of their glass structure is known.
Secondly the influence of the type of metal ions on the properties of the colour
centres will be discussed, with reference to glasses of the composition
0:20 M20. 0-80 (BPO4)1/2.

6.4.2. Colour centres in glasses of the system NasO-BOj .5-POg.5

6.4.2.1. Colour-centre formation

These discussions refer to the same series as mentioned in sec. 6.3, namely:

k : Nas0. 10 BO;.5 . p POg.s,

[ :0-15 Nay0. 0:85B0O;.5. g POss,

m: 020 Naz0. y BOy.5. (0-80 — y) POg s,
n : x NasO. (1 — x) (BPOy)1/2.

It may be seen from table XX that the amounts of colour centres of types br
and IT depend on the number of singly bonded non-bridging oxygen ions, which
is given by the quantity X”. The amounts of colour centres of the types c1, ci1
and ci1 depend on the number of BO4 groups of type cym’, which are given
by the quantity mNVs.

Now does a unit of type cp also give rise to the formation of a colour centre,
and if so what type of colour centre ? If these units react in a way similar to that
of units of type ¢y’ and III, a centre is formed that contains an electron hole
on an oxygen ion located between a boron and a phosphorus ion:

I
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The electron-hole centre formed according to reaction 1 has an excess of
positive charge which cannot be compensated as described for units of type ¢y’
(cf. sec. 3.3.4.3) by departure of the charge compensator to another site in the
network, since in the cp-unit the charge compensator is the tightly bound
POy group.

If a stable colour centre is to be obtained, the excess of positive charge must
be compensated. A rearrangement of the valency electrons as described in the
case of colour centres of type III will lead here to the breaking of the bond
between a cation and a singly bonded oxygen ion and the formation of a doubly
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bonded non-bridging oxygen ion, as a consequence of the pentavalency of the
phosphorus ion (reaction 2). A new centre will then be formed near the spot
where the bond was broken. The structure of this centre is not known, but it is
clear that it will be able to capture an electron.

|

O O ® O

| 2, |
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e e T e e ..
O O O O

The centre formed by reaction 2 may be converted into a BOs group (unit
of type a) and a centre of type II by a mechanism described in sec. 5.3.4: an
electron of the doubly bonded non-bridging oxygen ion is captured in the
electron hole and the bridge between the boron and the phosphorus ion is
broken according to reaction 3.

Summarizing, it is seen that the following reactions may occur on irradiation
of centres of type cp.

(1) An oxygen ion between a B and a P ion may lose an electron (reaction 1),
which may be followed by the trapping of an electron; i.e. reaction 1 is reversed
if the centre is not stabilized in some other way, so that no colour centre is
formed and the spectra remain unchanged.

(2) Reaction 1 may be followed by a breaking of a bond between a cation and
a singly bonded oxygen ion to neutralize the centre (reaction 2). Such a centre
should give rise to an ESR spectrum with a combined hyperfine splitting of a
B11 and a P3! nucleus, which may lead to a spectrum with eight hyperfine bands.
The features of the optical bands due to this type of centres cannot be predicted.
It will be shown later that the centres formed according to this reaction are not
stable and will readily form other centres according to reaction 3.

(3) Reaction 2 may be followed by a breaking of the bond between the
bridging oxygen ion with the electron hole and the boron ion (reaction 3). In
this case colour centres of type II are formed, which will show bands in the
optical and ESR spectra as indicated in table XX.

The quantities X', mNg and t0tNga = mNa + pNg of the four series k, I, m
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and n, which determine the numbers of the various colour centres that may be
formed upon irradiation, are given in the figures 6.2a to 6.24.

6.42.2. The ESR spectra

Glasses of series k& with a low POg.5 concentration show an ESR spectrum
similar to that for the corresponding borate glasses (fig. 6.6). On addition of
more POz2.5 the spectrum becomes more complex, and the doublet with a g-factor
of 2-009, assigned in chapter 5 to colour centres of type II, begins to appear.
This doublet is more clearly evident in the spectra of glasses of series / (fig. 6.7).
It can be concluded from the spectra of these two series that the band remaining

Nay0 . 10 B0y . p PO, = x Na,0.yBO,;5.(1-x-y) PO,5

P tl-x-y)

e | 00112
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Fig. 6.6. The radiation-induced ESR spectra of glasses of the series NazO. 10 BOy-5. p PO2.s
(line & in fig. 6.1).
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Fig. 6.7. The radiation-induced ESR spectra of glasses of the series 0-15 Na2O. 0-85 BO;-s.
¢ PO25 (line / in fig. 6.1).

visible between the two phosphate bands at higher PO».5 concentrations is due
to colour centres of type ¢ (electron hole on a BO4 group), the other bands of
the quadruplet due to these centres being masked by the relatively strong
phosphate doublet. The doublet due to centres of type I1 may originate either
from units of type IT (cf. table XX) or from units of type cp (cf. sec. 6.4.2.1).
Figure 6.2a shows that in glasses of series & the mean number of singly bonded
non-bridging oxygen ions X' decreases with increasing POs.5 concentration.
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Moreover, X is very small for these glasses (< 0-015). The number of units
of type cp, given by pNi, however, increases considerably in the range of
PO2.5 concentrations above 0-15 to a maximum of pNg = 0-16 for about
0-32 mol. POg.5. It may therefore be concluded that the greater part of the
colour centres of type Il in series & will originate from units of type cp.

In glasses of series 7, X' is about three times larger than in series k. A con-
siderable formation of centres of type II already takes place at compositions
where /N4 = 0, which indicates that in the series / the greater part of the
centres of type II originates from units of type Il

020 Na,0 . y BO5.(0:80-y)POys

0-80

W

44

070
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0-60

Y
[l />5
ladaaads

L
z

e

2040 2020 2000 980
-9

Fig. 6.8. The radiation-induced ESR spectra of glasses of the series 020 NazO. y BOys.
(0:80 — ») PO2-5 (line m in fig. 6.1).
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The number of centres of type ¢, indicated by the band between the doublet
giving the number of centres of type II, decreases with respect to the latter as
the PO2 .5 concentration increases. This trend may be explained by the facts that
on the one hand the quantity y/N4 decreases monotonically with an increase in
the POs.5 concentration and that on the other hand the proportion of singly
bonded non-bridging oxygen ions bound to a phosphorus ion will increase with
the POs.5 concentration.

In glasses of series m the borate quadruplet decreases rapidly with respect
to the phosphate doublet (fig. 6.8). Here the influence of the singly bonded
non-bridging oxygen ions bound to a phosphorus ion gives a dominant con-
tribution to the formation of centres of type II, as can be seen from the value
of X’ (cf. fig. 6.2¢). In a glass with 0-60 mol. POs 5 the quadruplet has vanished,
which agrees with the disappearance of units of type ¢y’ at this composition
(mNg = 0).

In glasses of series n the difference between X’ and mNVy is too large to enable
a conclusion about the composition at which the centres of type ¢ disappear
(cf. figs 6.2d and 6.9), but the decrease in the relative intensity of the remainder of
the borate quadrupletisin accordance with the decrease in /N3 with respect to X

x Na,0.(1-x) (BPO, )y,

YR AN f\

~Jn

—~/ \//L
T~

/

2040 2-020 2:000 1-980
-9

Fig. 6.9. The radiation-induced ESR spectra of glasses of the series x NasO. (1 — x) (BPO4)1/2
(line n in fig. 6.1).
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6.4.2.3. The optical spectra

An increase in the POs.5 concentration in glasses of series k gives rise to
the formation of two bands (at2-5 and 3-2 eV) in the radiation-induced optical
spectra, which are given as plots of the optical density a (cm~1) versus the energy
(ineV) (fig. 6.10). The band at 2-5 eV can be assigned to colour centres of type II.
This assignment is confirmed by the induced spectra of series / (fig. 6.11). In the
glass without POq.5 a band is found at 2-3 eV, which has been assigned to centres

20 T T T T
Nay0 .10 BOi5 . p PO,5(15.10°R) k
19+ N X NCIZO -y 801.5 - (/—X—Y)P02,5 R
18t P (lx-y |
Yo 00112
S 1 0083 -
——— 2 054
6 \ —— 3 025 -
5 0312

—w»cx(cml)

Fig. 6.10. The radiation-induced optical spectra of glasses of the series Na20. 10 BOjy.s.
p POz.s (line k in fig. 6.1).
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of type by (table XX). Even a small addition of POs.5 causes this band to vanish
and the 2-5-eV band to appear. The 2-5-eV band cannot therefore be assigned
to centres of type br and must be exclusively due to centres of type II.

The vanishing of the 2-3-eV band and the appearance of the 2-5-eV band can
be seen even more clearly in the spectra of series m (fig. 6.12), where this effect
is accompanied by the simultaneous appearance of the phosphate doublet in

L 05 NayQ . 085805 - ¢ PO,5(3.J0%R) .
x NayO .y BOys . (I-x-y) FO,¢ {.

g  (I-x-y) ]
o 005 0048 :
—_— 010 0091
gl- P 0-20 0167 7
PR — 030 0-231
8k —_—— (40 0286 b
—_— 050 0:333
7E ——+  0-60 0:375 7

——»a(cm™h

Fig. 6.11. The radiation-induced optical spectra of glasses of the series 0-15 Naz0. 0-85 BOy.5.
g POz.5 (line / in fig. 6.1).

the ESR spectra, which is also due to centres of type II. A plot of band energy
and intensity against composition in the range of 2 to 3 eV (fig. 6.13) for glasses
of series m shows that an addition of 0-1 mol. POg.s shifts the energy from 2-3
to 2:5eV, and causes a decrease in the intensity. At higher POz.5 concentrations
the energy remains 2-5 eV while the intensity rapidly increases to a constant
value up to about 0-50 mol. POz.5. It may be concluded from this effect
that the singly bonded non-bridging oxygen ions are preferentially bound to
phosphorus ions even if small amounts of POgs.5 are present. The intensity
curve has been resolved in a contribution of the br-centres at low POg.5 con-
centrations and a contribution of the type-II centres at higher POgz.5 con-
centrations in fig. 6.13.
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Fig. 6.12. The radiation-induced optical spectra of glasses of the series 0-20 Naz0O. y BOys
(0-80 — ) POq;5 (line m in fig. 6.1).

A band is observed at about 3-2 eV in the spectra of some glasses of series k&
(fig. 6.10) and of series # (fig. 6.14). This band is believed to be due to colour
centres of type III (cf. table XX). However, it is somewhat confusing that this
band is absent in all sodium-phosphate glasses (cf. sec. 5.3.2.2) but is present
in some sodium-borophosphate glasses. This apparent contradiction may be
understood as follows. The formation of colour centres of type I1I is favoured
by a rigid network. In the case of phosphate glasses this rigidity is achieved by
building in metal ions with a high ionic field strength. For example, band III is
strong compared with band II in magnesium-phosphate glasses and weak in
barium-phosphate glasses. The field strength of sodium ions is too low to permit
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Fig. 6.13. The band energy and the intensity in the range 2-3 eV as a function of the com-
position in glasses of the series 0-20 Na20. y BOy.5. (0-80 — y) POs.5.

the formation of centres of type III, in other words, sodium ions are ionically
rather than covalently bound to the singly bonded non-bridging oxygen ions.
It is known, however, that O-Na-O bridges do indeed occur in sodium-phos-
phate glasses (cf. sec. 5.2.4). If the rigidity of the sodium-borophosphate glasses is
increased by other bonds than the O-Na-O bridges, a structure is obtained
which does not permit these bridges to break on irradiation, and centres of type 111
may be formed even with sodium ions as constituents. These bonds are found
in units of the types cw’ and ¢p which may both occur in sodium-borophosphate
glasses. If, however, the rigidity of these glasses is decreased by a rise in the
number of non-bridging oxygen ions (X”), the amount of centres of type III
decreases in favour of the centres of type II. This effect may be seen in fig. 6.15:
an increase in the sodium-oxide concentration in glasses of series n gives rise
to an increase in X' (cf. fig. 6.2d) which causes band III to decrease and band 11
to increase.

The intensity of the three bands at 3-8, 5and 6 eV, which are correlated with cen-
tres of the types c1, c11 and cr, respectively, also depends on the degree of coher-
ence of the glass network (cf. sec. 3.3.4.3). A rigid network favours the formation
of centres of type cirr, whereas a looser network favours the formation of centres
of type ¢1. This trend may be observed most clearly in glasses of series n (fig. 6.14).
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Fig. 6.14. The radiation-induced optical spectra of glasses of the series x Nax0. (1 —x)
(BPOu)yy2 (line n in fig. 6.1).

The quantity ¥ = 3 + 240Na— 2x/(1 — x) is correlated with the degree of
coherence of the network. The value of 1,1/Va does not change much in the
glass-forming range of this series, but the value of 2x/(1 — x) changes from
0-22 for x = 0-1 to 0-86 for x = 0-3. Hence the degree of coherence decreases
considerably with a rise in the sodium-oxide concentration. Parallel with this,
the band at about 6 eV decreases, while at x = 0-30 the band at 5 eV vanishes,
to be replaced by a band at 4 eV. The 6-¢V band will not vanish because of the
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Fig. 6.15. The intensity of bands II and III as a function of the composition in glasses of the
series x Na20. (1 — x) (BPO4)y2.

absorption at this energy due to phosphate colour centres of type IV, which are
present in almost all borophosphate glasses of any composition.

An increase in the degree of coherence also has its effect on the ¢-bands in
glasses of series / (fig. 6.11). This increase in coherence is produced by raising
the POq.5 concentration and hence the value of 2x/(1 — x); it is enhanced
above 0-23 mol. PO2.5 by the formation of a number of BO4 groups of type cp
in addition to those of type ¢y, which causes a rise in the quantity ¢otN4. The
effect observed is a shift of the ¢r-band towards higher energies, which means
that the centres become more and more of type crz. Apart from this the 6-eV
band increases, which will be mainly due to the formation of centres of type IV.

6.4.2.4. Conclusions

Generally speaking, no types of colour centres are induced in irradiated
sodium-borophosphate glasses which are not induced in the borate and phos-
phate glasses. There are some indications that the specific structural unit cp,
which is believed to be present in borophosphate glasses of certain compositions,
may give rise to the formation of an additional number of colour centres of
type II.

The hypothesis for the structure of sodium-borophosphate glasses as described
in sec. 6.3.3 is supported by the experiments described above:

(1) the centres of type ¢ (electron hole on a BO4 group) represented by the
ESR quadruplet, vanish where yN4 = 0;

(2) the centres of type III are found in glasses where the degree of coherence
is increased by the presence of units of the types ¢y’ and cp and is decreased
by the presence of units of the types b and II (X”); centres of type III have
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not been found in the corresponding phosphate glasses, where units cy” and cp
are absent;

(3) for glasses with a small value of X’ the number of centres of type II
and by are few in number or even absent; the contribution of units of type cp
to colour centres of type II is mainly small;

(4) centres of type ¢ change from type c1 to ¢rr and further to c¢rir with an
increase in the degree of coherence, characterized by the quantity ¥ =3 +
4+ 2 otNa — 2x/(1 — X).

Additional information about the part played by singly bonded non-bridging
oxygen ions in the structure of sodium-borophosphate glasses is obtained from
the colour-centre experiments. The excess of oxygen ions introduced by the
sodium oxide, in so far they are not bound to a boron ion as a fourth bridging
oxygen lon, will be bound as singly bonded non-bridging oxygen ions to phos-
phorus ions (unit of type II) rather than boron ions (unit of type b).

6.4.3. Colour centres in alkali- and alkaline-earth-borophosphate glasses of the
composition 0-20 MaO/MO.0-80 (BPO4)1 2

6.4.3.1. Introduction

In this section the influence of the type of metal ions on the formation of the
colour centres is discussed. For this purpose a suitable composition should be
chosen, so that the various effects of the types of metal ions can be observed
rather clearly, and the boron and phosphorus ions have an equal influence.
These considerations led to the above-mentioned composition. For the alkali-
containing glasses, the values of N4 and X' follow from eqs (6.15) and (6.16)
and are also given in fig. 6.2d: for x = 0-20, yN4 = 0-14 and X' = 0-36. It
has been found from NMR measurements that for sodium-containing glasses
tot¥Va = 0-30, and hence pN4 = 0:16.

Equations similar to that for the alkali-containing glasses can be derived for
the alkaline-earth-containing glasses using eq. (4.3) instead of eq. (3.13) as a
basic relation:

MN1 = [2x/(1 — x)]{1 + exp [10:85 . 2x/(2x + y) — 50]}-1 (6.17)
and
X' = [2x/(1 — x)] [1 — {1 + exp [10-85 . 2x/(2x + ) — 5-0]}—1]. (6.18)

For the specific composition discussed here these quantities are yNj = 0-145
and X’ = 0-155. Obviously the differences between these values for alkali- and
alkaline-earth-borophosphate glasses are rather small. Experimental values of
tot/V4 are only available for the sodium-containing glasses.
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6.4.3.2. The alkaline-earth-borophosphate glasses

It has been mentioned above that the excess of oxygen ions introduced by
the sodium oxide in sodium-borophosphate glasses will be bound partly as a
fourth bridging oxygen ion to a boron ion, forming a unit of type cu’, and
partly as a singly bonded non-bridging oxygen ion to either a boron or a phos-
phorus ion. At the composition in question (x = 0-20), practically all these
non-bridging oxygen ions are preferentially bound to phosphorus ions. The
sodium ions are bound to these oxygen ions ionically rather than covalently,
forming units with a type-II character (cf. table XIX). This character of the
M-O bond depends on the ionic field strength of the metal ions. A low-field-
strength ion will be bound in a more ionic way and a high-field-strength ion
in a more covalent way. This means that, although X' remains constant for all
the alkaline-earth glasses with x = 0-20, the character of the M-O bond shifts
from type II to type III with an increase in the field strength, i.e. in the series Ba,
Sr, Ca, etc. This change in the character of the M-O bond influences both the
optical and the ESR spectra: in the optical spectra the intensity of band II
decreases and that of band III increases (fig. 6.16), while in the ESR spectra
(fig. 6.17) the phosphate doublet decreases with respect to the borate quadruplet,
the intensity of the latter depending on the number of units of type cm” which
is constant (yN4 = 0-145). In the beryllium-containing glass all the bands of
the quadruplet are observable, while in the spectra of the other glasses only
one band of the quadruplet is found between the two phosphate doublet bands;
in glasses containing metal ions with a low field strength, the quadruplet is
completely absent. No specific bands have been found in the optical spectra
between 3-5 and 5-5 eV which may indicate that the c-centres are of the type cir,
giving rise to a band at about 6 eV. This conclusion is supported by the aniso-
tropic form of the borate quadruplet in the spectrum of the beryllium glass.
As mentioned above, the rigidity of the network is increased when metal ions
with a higher field strength are built in the network, and the formation of centres
of type crir is then favoured compared to centres of the types cir and ¢ (cf.
sec. 3.3.4.3).

The number of units of type II and type 1V rises simultaneously with a de-
crease in the ionic field strength. In the optical spectrum this effect is observed
as a slight increase of the absorption at about 6 eV, owing to colour centres of
type IV as well as the above-mentioned centres of type crrr.

0.4.3.3. The alkali-borophosphate glasses

The bands in the optical spectra at 2-5 eV and 3-2 eV can be explained in the
same way as for the alkaline-earth-borophosphate glasses (fig. 6.18). The field
strength of the lithium ions is apparently high enough to enable the formation of
centres of typeIIl. Theseare not found in the other alkali-containing glasses: the



— 114 —

20 T T T T

190 020 MO . 0-80 (BPO,)y, (105 R) 1

18L —  Be 4

17+ ——-— C(a .
------------ Sr J

16 Ba

151 .

14} .

13} .

12
i1t

10+

—»x(cml)
[
T

U

Fig. 6.16. The radiation-induced optical spectra of glasses of the composition 0-20 MO,
0-80 (BPO4)y/2.

band at about 3 eVisabsent. Band II, on the other hand, increases on the replace-
ment of the lithium ions by sodium ions etc., which indicates that the M-O bond
keeps changing towards a more ionic character. This effect is confirmed by the
increase in the intensity of the phosphate doublet compared to that of the borate
quadruplet in the ESR spectra of the lithium-, sodium- and potassium-boro-
phosphate glasses.

The degree of coherence of the network in the alkali-containing glasses is
less than in the alkaline-earth-containing glasses, which is shown by the
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Fig. 6.17. The radiation-induced ESR spectra of glasses of the composition 0-20 M2O/MO
0-80 (BPO4)1/2.

presence of a band at about 5 eV in the lithium glass, which shifts to an energy
of about 4 eV in the caesium glass. These bands are due to centres of type cix
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Fig. 6.18. The radiation-induced optical spectra of glasses ol the composition 0-20 M20.
0-80 (BPO4)1/2-

and ¢y, respectively. The change from type cr1 to ¢r is due to the decrease in the
degree of coherence in the series Li, Na, K, Rb and Cs.

6.4.3.4. Conclusions

The theory developed for the structure of sodium-borophosphate glasses in
sec. 6.3.3 is generally valid for all the alkali-borophosphate glasses. For the
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alkaline-earth-containing glasses, this theory has to be modified somewhat,
which leads to values of mN4 and X, which differ only slightly from those for
the alkali-containing glasses of the chosen composition 0-20 M20O/MO. 0-80
(BPO4)1/2. Although the theoretical values of N4 and X are practically constant
for any glass of this composition, the colour-centre spectra show appreciable
differences. The general cause of these differences is found in the fact that X7,
which has been regarded as representing the amount of singly bonded non-
bridging oxygen ions in the sodium-containing glasses, is no longer a measure
of the concentration of this type of oxygen ions in glasses containing metal ions
of a higher field strength. The higher field strength changes the character of the
structural units from type II to type I1I. It is known from the discussions of the
phosphate glasses that the degree of coherence is increased by a rise in number
of structural units of type III. The colour-centre spectra show a number of
features due to these changes in the degree of coherence and the number of
type II, III and IV units (cf. sec. 5.4):
— the number of colour centres of type Il (band at 2-5 eV) decreases and the
number of centres of type Il rises simultaneously (band at about 3 eV);
— a slight decrease is observed at about 6 eV, as the band here is partly due
to centres of type IV;
— the change in the shape of the optical and the ESR spectra indicates that
the character of the centres of type ¢ shifts from ¢r via ¢r1 to crx (cf. sec.
3.3.4.3).
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Summary

A study is made of the correlation between the structure of borate,
phosphate and borophosphate glasses and the colour centres induced
in them by high-energy radiation.

It may be concluded from a theoretical discussion of the kinetics of
the formation of the colour centres, that in general it is not permitted
to discuss the numbers of centres in different glasses in a quantitative
way. However, these numbers may be compared in a semi-quantitative
way in the case of series of glasses witha gradually changing composition.

The structure of borate, phosphate and borophosphate glasses may
be described in terms of structural units. The three types of structural
units found in borate glasses consist of
— a boron ion triangularly coordinated by bridging oxygen ions (a),
-— a boron ion triangularly coordinated by oxygen ions of which one

or more may be non-bridging, with an alkali or an alkaline-earth
ion acting as a charge compensator (b),

— a boron ion tetrahedrally coordinated by bridging oxygen ions with
an alkali or an alkaline-earth ion acting as a charge compensator
(e’ and cu”, resp.).

For both the alkali- and the alkaline-earth-borate glasses a set of
rules is given which applies to the mutual location of these units.

The structure of the phosphate glasses may be described by four
types of structural units, consisting of
— a bridging oxyging ion bonded to two phosphorus ions (I),

— a non-bridging oxygen ion singly bonded to one phosphorus ion
with a metal ion acting as a charge compensator (II),

— an oxygen ion covalently bonded to a phosphorus and a metal ion
(11D),

— a non-bridging oxygen ion doubly bonded to one phosphorus ion
awv).

Apart from the structural units of the borate and phosphate glasses,
another structural unit may be found in the borophosphate glasses,
consisting of a boron ion in tetrahedral coordination of bridging oxygen
ions, the excess of negative charge being compensated by an adjacent
group consisting of a phosphorus ion in tetrahedral coordination of
singly bonded oxygen ions (cp).

The radiation-induced colour centres in these glasses have been
studied by means of optical-absorption and electron-spin-resonance
(ESR) measurements. Models are proposed which may account for the
properties of the colour centres. These models are correlated to various
structural units that are present in the glasses.

In the borate glasses at least two types of colour centres are found,
which may be described as: an electron hole captured on the oxygen
ions of a BOg group (¢, ci1, crrr) and a pair of electrons captured on
a non-bridging-oxygen vacancy (b1). In the phosphate glasses at least
three types of colour centres are found, which may be described as:
an electron hole captured on a singly bonded non-bridging oxygen ion
(I), an electron hole captured on an oxygen jon bonded to a phos-
phorus and a metal ion (III), and a pair of electrons captured on a
doubly bonded non-bridging-oxygen vacancy (IV).

The colour centres found in the borophosphate glasses are of the
same nature as those found in the borate and phosphate glasses.

The amounts of the various types of colour centres do not exclusive-
ly depend on the number of structural units to which they are cor-
related; they also depend on the degree of coherence of the network,
which can be predicted qualitatively from the hypotheses for the
structure of the glasses discussed. The predictions generally agree with
the experimentally observed trends in the properties of the colour
centres.
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Samenvatting

De bestudering van kleurcentra in glasachtige materialen met behulp v
electronen-spin-resonantie gecombineerd met optische absorptie metingen k
een beter inzicht verschaffen in de structuur van deze centra en biedt daardc
een mogelijkheid enig inzicht te krijgen in de structuur van deze material
De kleurcentra kunnen worden gevormd met behulp van ultraviolet lic
Rontgen- of gammastralen.

Uit een theoretische beschouwing over de vorming van kleurcentra dc
bestraling blijkt dat in het algemeen een kwantitatieve vergelijking van de az
tallen kleurcentra in verschillende glasachtige systemen niet toegestaan
Indien deze systemen behoren tot een reeks met een systematisch gevarieer
samenstelling, dan is een semi-kwantitatieve vergelijking van de aantall
kleurcentra toelaatbaar.

Het lijkt zinvol de structuur van de boraat-, fosfaat- en borofosfaatglaz
te karakteriseren door de “bouwstenen” (structural units) waaruit het netwe
opgebouwd kan worden.

De drie typen bouwstenen van een boraatglas kunnen als volgt worden o
schreven:

— een boriumion omringd door drie brugzuurstofionen (a),

— een boriumion omringd door drie zuurstofionen waarvan er €én of m
zwevend zijn, met een daarbij behorend alkali- of aardalkaliion als ladin;
compensator (b),

— een boriumion omringd door vier brugzuurstofionen met een daarbij 1
horend alkali- of aardalkaliion als ladingscompensator (cu’ and c»
resp.)

Voor de alkaliboraatglazen zijn twee regels opgesteld die de onderlir
rangschikking van de bouwstenen beschrijven. Ook voor de aardalkalibora
glazen zijn twee regels opgesteld waarvan er een principieel verschilt van w..
voor de alkaliboraatglazen.

Een fosfaatglas kan opgebouwd gedacht worden uit vier typen bouwstenen,
die op de volgende wijze omschreven kunnen worden:

— een brugzuurstofion gebonden aan twee fosforionen (1),
— een zwevend zuurstofion enkel gebonden aan één fosforion met een bijbe-
horend metaalion als ladingscompensator (II),
— een zuurstofion covalent gebonden aan zowel een fosfor- als een metaal-
ion (III),
— een zwevend zuurstofion dubbel gebonden aan één fosforion (IV).
De borofosfaatglazen kunnen opgebouwd gedacht worden uit de reeds ge-

noemde bouwstenen van de boraat- en fosfaatglazen met als een nieuw type
bouwsteen: een boriumion omringd door vier brugzuurstofionen met als
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ladingscompensator hieraan gebonden een groep bestaande uit een fosforion
omringd door vier enkel gebonden zuurstofionen (cp).

Het voorkomen en de eigenschappen van de kleurcentra worden verklaard
aan de hand van modellen die afgeleid zijn uit de bouwstenen van de glasstruc-
tuur.

De modellen van twee typen centra die in boraatglazen zijn aangetoond
kunnen worden beschreven als: een electronenpaar ingevangen in een vacature
op de plaats van een zwevend zuurstofion (b1) en een electronengat ingevangen
in de zuurstofionen van een BOy4 groep (c1, c1r, ).

De modellen van drie typen centra die in fosfaatglazen zijn aangetoond,
kunnen worden beschreven als: een electronengat ingevangen in een zwevend
zuurstofion dat enkel gebonden is aan een fosforion (II), een electronengat
ingevangen in een zuurstofion dat zowel aan een fosfor- als een metaalion
gebonden is (III) en een clectronenpaar ingevangen in een vacature op de
plaats van een zwevend zuurstofion dat dubbel gebonden is aan één fosfor-
ion (IV).

De kleurcentra in de borofosfaatglazen behoren tot dezelfde typen zoals in
de boraat- en fosfaat glazen gevonden zijn.

De frequentie van het voorkomen van de verschillende typen kleurcentra
wordt niet uitsluitend bepaald door de aantallen van de verschillende typen
bouwstenen, maar wordt mede bepaald door de “mate van samenhang”
(degree of coherence) van het netwerk. Deze mate van samenhang kan kwa-
litatief voorspeld worden uit de hypothesen over de structuur van de onder-
zochte glasachtige systemen. Deze voorspellingen komen in het algemeen
overeen met de waargenomen veranderingen in de eigenschappen van de
kleurcentra als een functie van de samenstelling.
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STELLINGEN

bij het proefschrift van P. Beekenkamp

21 december 1965



1

De conclusie van Stroud et al. dat de optische absorptichanden met ¢en maxi-
mum in het zichtbare gedeelte van het spectrum van bestraalde silicaat-,
horaat- en fosfaatglazen alle veroerzaakt worden door ingevangen clectroner-
gaten, is aan ernstige twijfel onderhevig.

). 5. Stroud, J. W. H. Schreurs en R, F. Tuckes, Proc. VIith

international Congress on Glass, Brussels 1965, Gordon & Breach,
MNew York-Maison d'Edition s.¢., Marcinelle 1965, sec.1.3.3/42,

II

In een glasachtig systeem opgebouwd uit oxiden kunnen boriumionen alleen
dan in een vieromringing van zuurstofionen voorkomen, indien dat systeem
ionen bevat met een lage veldsterkte zoals gedefinieerd door Dietzel.

Dit procfschrift, Hoofdstuk [II, IV en VI,

[

De interpretatie die Eipeltauer cn Schaden geven van de temperatuuraf-
hankehijkheid van de viscositeit als functie van de samenstelling van natriurm-
boraatglazen is onjuist.

E. Eipeltauer en K. Schadaen, Glastechn. Ber. 35, 503, 1962,

1v
Er dient meer aandacht tc worden besteed aan de physische mogelijkheden
voor de bestrijding van plantenziekten,

R. Carson, Silent Spring, Hamisch Hamilton Ltd., Londan 1963,

v
De voorstelling die Bryant et al. geven van de binding van caesiumionen aan
een plasoppervlak is onjuist.

P. L. Bryant, C. M. Goasclin en L. H. Taylor, NASA coatractor
report ar. MASr-63 (06), Washington 12, ., July 1964,

%
De door Ypey gegeven verklaring voor het verschil in de mate van uitloging
van een aantal opgegraven glazen voorwerpen is niet waarschijnlijk,

J. Ypey, Ber. Rijksd. Oudheidk. Bodemonderzoek 10-11, 363,
1960-1961.



VII
De door Rau gegeven verklaring van de schaduwopnamen van enkele kwarts-
glagsoorten is onjuist.

K. Rau, 60 Jahre Quarzglas, 25 Jahre Hochvacuumtechnik, W.C.
Heragus GmbH, Hanau 1961, 77,

VIIL
De parameter , die door Sclomin i3 veorgesteld, biedt geen practische voor-
delen boven de parameter ¥ om invertglazen te karakteriseren.

M.V. Solomin, Steklo i Keramika 21, 13, 1964,

X
Indien de conclusie van Brinkman juist is, dat de dode tijd van een Geiger-

Miiller telbuis afhankelijk iz van de intensiteit, leiden de door hem toegepaste
methoden om de dode tijd te bepalen tot onjuiste uitkomsten.

G, A. Brinkman, Radio Chimica Acta 2, 41, 1963,

X

Van de organisatie Bescherming Bevolking kan alleen dan cen meer doeltref-
fend optreden worden verwacht indien de personeelsopbouw van deze organi-
satie in belangrijke mate gewijzigd wordt.



