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The esr behaviour of iron in
gamma-irradiated Pyrex

G. BROWN

Physics Department, Royal Military College of Science, Shrivenham, Swindon, Wiltshire, UK

Iron, present as an impurity in commercial Pyrex tube, is examined by electron spin
resonance (esr) as a function of y dose. The population of Fe*+ initially decreases and then,
at a well-defined dose, abruptly begins to increase. This behaviour is then correlated with
lineshape changes to show that: (a) two distinct types of site must exist, occupied both

by Fe2+ and by Fe®+; (b) the site symmetry of the Fe?®+ electron trap is different from that of
the Fe?* hole trap. Linewidth considerations show that a wider range of crystal fields exist

in Pyrex than in the simpler types of glass.

1. Introduction

Since the first observations of electron spin
resonance (esr) in a glass by Yasaitis and Smaller
[1], research workers have been using esr to
study the structures of different types of glass.
The pioneering work of Sands [2] on para-
magnetic impurities in glass laid the founda-
tions for the esr study of glass structure by
paramagnetic doping, a technique already well-
established for the study of single crystals. If a
glass is made from high-purity materials, no
paramagnetic ions are present and no esr is
observed. However, paramagnetic defects can be
produced in the glass by suitable irradiation, the
defect spectrum giving information on the
environment of the defect.

The present work makes use of both impurity
and defect spectra in commercially-available
Pyrex tube. The spectrum of Fe3+ and its depen-
dence on vy-irradiation will be discussed in this
paper, while a treatment of the defect spectra is
given separately [3].

2. Experimental

The samples used in all experiments were Pyrex
tubes of 4 mm o.d. and 1 mm wall thickness.
They were y-irradiated by a ¢°Co source at a dose
rate of about 1.5 Mrad* h—1, and the esr spectra
were recorded at X-band on a JEOL spectro-
meter type PE-1X. First-derivative spectra were
obtained in the usual way, the modulation
frequency being 100 kHz. The microwave
powers used in the experiments are given where

necessary, and refer to the power incident on the
cylindrical Hy,; cavity. Spin calibrations were
performed using a standard CuSO,. 5H,O single
crystal attached to the Pyrex tube being
examined. All procedures were carried out at
room temperature.

3. Results
3.1. The boron-oxygen hole centre

(BOHC)
This defect centre, produced by y-irradiation, is
well-documented [1, 4-6], and is included here
because its growth curve has a direct bearing on
the behaviour of the iron resonance. The familiar
“five-line-plus-a-shoulder” derivative curve of
the BOHC is integrated twice as a function of
dose to give the growth curve shown in Fig. 1.
The growth is indicative of the two-stage process
derived by Levy [7] and observed in Corning
7740 Pyrex by di Salvo ef al. [8], with a satura-
tion value in good agreement with the theory of
Cropper [9].

3.2. The Fe** resonance

The principal paramagnetic impurities in Pyrex
are iron [10] and vanadium [2, 11], easily
recognised by their esr spectra. After y-irradia-
tion, any changes in the iron or vanadium spectra
in the vicinity of g = 2 are completely swamped
by the BOHC spectrum. However, the spectrum
of Fe?t is known to be smeared out over the
range from g = 1 to g = 10 [10-12], with an
isotropic resonance line centred on g = 4.29.

*The rad is a commonly-used unit of energy absorption. An absorbed dose of 1 megarad (Mrad) corresponds to an

energy absorption input of 10 J.
© 1975 Chapman=and-Hall-Lid, -
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Figure 1 Growth curve of the BOHC. Microwave power
10 mW. Sample volume 1.66 cm?,

At X-band, this transition is about 0.2 T lower
than the BOHC transitions and so can be studied
for radiation effects with relative ease. Some
typical lineshapes are shown in Fig. 2. These
curves are representative of 400 spectra taken
from 80 samples at different doses, and show that
changes to lineshape and amplitude are pro-
duced. A “growth” curve for these results is
given in Fig. 3. Itis quite clear that two processes
are active, one tending to reduce the number of
Fe3+ centres, the other tending to increase it. The
concentrations presented in Fig. 3 should be
regarded with a little caution: they are obtained
from curves such as are given in Fig. 2. Because
these curves occupy only part of the total
magnetic field gamut of the Fe®* resonance, the
corresponding concentrations represent only
part of the total concentration.

4. Discussion
Before attempting to describe a model that will
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Figure 2 Lineshape of the Fe*+ resonance as a function of
v dose. Microwave power 10 mW. Magnetic flux density
at centre = 0.158 T.
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Figure 3 Variation of Fe®* concentration with y dose.
Microwave power 10 mW. Sample volume 1.66 cm®.

provide a qualitative explanation of the results,
it is necessary to outline those traps which exist
for holes and electrons.

4.1. Hole and electron traps

The dominant hole trap is an oxygen atom
bridging two boron atoms [5]. On trapping a
hole, it forms the boron-oxygen hole centre
(BOHC). The second hole trap is Fe*+ [11, 13],
which forms Fe?+ after trapping a hole.

The main electron trap is a void in the glass
matrix [3, 14, 15]. The esr spectrum of an
electron in such a trap in Pyrex, together with its
growth curve in relation to this work, is des-
cribed separately [3]. The other electron trap is
the Fe3+ ion [11] which produces Fe?*+* after
trapping occurs. It is well known that these two
valence states of iron co-exist in glasses [16-19]
irrespective of the valence state present in the
components of the melt.

All the signals observable optically and by esr
following irradiation are attributable to the
redistribution of electrons and holes. The effects
reported here are all interconnected and are best
understood by considering a “low-dose” and a
“high-dose” region, these regions having a
common diffuse boundary centred at about 100
Mrad.

4.2. The low-dose region

During irradiation, the ionized electrons and
holes proceed to their respective traps. In the
following analysis, recombination of the two
carriers will be neglected; in other words, only
the electrons and holes trapped (in preference to
recombining) will be considered. Chemical
analysis showed that iron was present at 0.027
wt% and thus it seems reasonable to assume that
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the numbers of holes trapped by Fe?* can be
disregarded in comparison with those trapped by
boron-associated oxygen, B,O, being present at
some 14 wt%,. In this region, therefore, the only
effective hole trap will form a BOHC. Electrons
distribute themselves between the void traps and
the Fe®*+ ions. The latter, after trapping an
electron, forms Fe?+ which cannot be observed
by esr at room temperature [20]. However, a
diminution of the existing Fe®+ resonance should
occur as this valence conversion occurs. This
reasoning is supported by the rapid increase of
BOHC concentration observed experimentally in
this region (Fig. 1) and by the rapid decrease
observed in the Fe3* concentration (Fig. 3).

4.3. The high-dose region

The above reasoning holds good up to a total
dose of about 65 Mrad. At this point Fig. 1
shows that the dominant hole traps are 96%; full,
and the migrant holes begin to “see” the Fe?+
ions as their second type of trap. This mechanism,
producing Fe3+, should effect a change in the
Fe3+ diminution established in the low-dose
region. This is certainly the case, as Fig. 3 shows,
and it is obvious that more Fe®+ is produced
from hole capture by Fe?* than is lost from
electron capture by Fe?+ itself.

5. Interpretation
5.1. General behaviour

The curves of Fig. 3 can be linearized by adopting
a logarithmic dose axis, as is done in Fig. 4,
showing the marked reversal of direction at 65
Mrad. In Section 4.2 it was reasoned that,
because of the very large ratio of boron-
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Figure 4 Variation of Fe** concentration with ¢ dose.
Microwave power 10 mW. Sample volume 1.66 cm?. Full
line — observed variation. Dotted line — extrapolated
reduction process. Broken line — derived oxidation

process.

associated hole traps to Fe?* hole traps, the
numbers of holes trapped by Fe?*t could be
disregarded in comparison with those trapped by
the boron-associated centres. As Fig. 4 shows,
the sharp change in the observed Fe®+ concentra-
tion at 65 Mrad would indicate that the Fe?+
centres are unable to trap holes until the boron-
associated centres are almost saturated. From
this premise, it can be seen that the diminution of
the Fe?*+ population should be representative of
the process

Fe?t + e —» Fe?+
with no contribution from the reverse process
Fe** + h — Fe?+.

Because this is a pure reduction process (in the
chemical sense of the word) and because the
interconversion Fe®t = Fe?* does not sub-
stantially alter the existing concentration of
either component, an extrapolation of this
reduction can be justified into the high-dose
region. Combining the observed variation in the
high-dose region with the extrapolated reduction
process produces a pure oxidation behaviour.
Fig. 4 illustrates the separation of the oxidation
process from the observed growth behaviour.

5.2. Site differences

An important distinction must be made between
the Fe?+ sites involved in the reduction process
and the Fe3+ sites created by hole trapping. The
reduction process simply involves a diminution
of the number of natural Fe®+ sites, but the
oxidation process creates Fe®t sites at natural
Fe?+ sites. Work on natural Fe?+ and Fe®+ sites
in glasses [10-13, 16-22] has provided much con-
flicting evidence. There is agreement that both
valence states of iron can occupy tetrahedral and
octahedral sites, i.e. either can occur as a
network former or as a network modifier, the
relative populations in the two sites being set by
the total amount of iron and the type of glass.
Maossbauer effect measurements are most com-
monly used in this type of investigation because
both Fe?* and Fe®+ give rise to Mossbauer spec-
tra, in contrast to esr where only Fe*+ is visible.
To the author’s knowledge, the only work on
borosilicate glass has been that of Taragin and
Eisenstein [19] whose results show that both
Fe?* and Fe®*+ are predominantly tetrahedrally
co-ordinated, the Fe3+ almost certainly replacing
Sitt in SiO, tetrahedra. However, the width of
the Fe?t Mossbauer line is almost twice that
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found in silicate and phosphate glasses, indica-
ting that the Fe?t ions experience a wide
assortment of electric fields. Such a linewidth
could be produced by Fe?* ions in network
modifier sites, the numbers of such ions being
significantly greater than in the simpler glasses.
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Figure 5 Spectrum of those Fe®t ions which trap electrons
to form Fe?+. Magnetic flux density at centre = 0.158 T.

5.3. The significance of lineshape changes

The implications of site differences in the present
work are important. In the unirradiated reference
glass, the esr spectrum shown in Fig. 2 is that
of the natural distribution of Fe?*+ ions in 4~ and
6-co-ordinated sites. It is clear that the lineshape,
as well as the intensity, changes with dose.
Taking the low-dose region alone, an algebraic
subtraction of the 66 Mrad curve from the
reference curve will reveal the spectrum of those
Fe?+ centres which have been lost through elec-
tron capture. This spectrum is shown in Fig. 5.
The following deductions can now be made.

(a) The electron trapping centres contribute
principally to a ““background” spectrum.

(b) There may be a small number of these
centres which contribute to the isotropic (g =4.29)
resonance alone, thus causing the slight shoulder
in the centre of Fig. 5.

(c) Alternatively to (b), there may be a small
number of centres which generate the whole
(background plus isotropic line) spectrum. These,
too, would produce a small shoulder in the
centre of the figure.

Of these deductions, (a) pertains to the great
majority of the centres. Speculation over (b)
and (c) will continue later.

In the high-dose region there is a different
behaviour. By comparing the 8598 Mrad curve of
Fig. 2 with the 66 Mrad curve, it can be seen that
the g = 4.29 resonance has grown faster than the
background resonance. The subtraction spectrum
‘derived from these two curves is shown in Fig. 6
and it accentuates this fact. It has the two
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Figure 6 Spectrum of those Fe®+ ions produced from hole
trapping by Fe?*. Magnetic flux density at centre = 0.158
T.

characteristics of the reference spectrum of Fig.
2, the g = 4.29 peak superimposed upon a rising
background. However, in Fig. 6 the ratio of the
g = 4.29 amplitude to the maximum back-
ground amplitude is 3.3. In the reference glass,
where the Fe®+ is in natural sites only, this ratio
is 1.2, showing that the distribution of Fe3+
sites generated by hole capture at natural Fe?+
sites is markedly different from that of natural
Fe3+ sites. The deductions from this behaviour
are as follows.

(d) The Fe?* hole-trapping centres are pre-
dominantly in sites whose symmetry generates
the isotropic resonance from Fe3+,

(e) The presence of a small background
resonance could be due to hole-trapping by
previously produced Fe?*t (i.e. Fe3t + e).

(f) There could be small numbers of sites
again generating the whole spectrum, as in (c)
above.

5.4, Comparison with the literature

y-irradiation of phosphate glasses is known to
affect the Fe®t+ resonance [18, 23], but because
the results are quoted before and after one
irradiation for three samples only, no parallels
can be drawn with the present work.

The first tentative analysis of the iron reson-
ance in glass by Castner et al. [10] ascribed the
g = 4.29 resonance to Fe®* ions in network-
forming tetrahedral sites with rhombic distortion
and the broad background to Fe®+ ions in
network-modifying (octahedral) sites. Since
then, this theory has been supported by Tucker
[11], Hirayama et al. [24] and Bishay and Makar
[18]. However, the work of Kurkjian and Sigety
[22] provides evidence to the contrary, showing
that rhombic symmetry at a tetrahedral and at
an octahedral site would generate the isotropic
resonance. Loveridge and Parke also support
this view [12].

How, then, does the present work correlate
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with the existing theories ? Consider the following
points.

(a) The g = 4.29 line in Pyrex is much broader
than in the simpler glasses, indicating that there
is a wider distribution of site symmetries here.

(b) If the complete spectrum had a single
source, any diminution of the background
intensity would be accompanied by a pro-
portionate diminution of the isotropic line. As
Fig. 5 shows, irradiation in the low-dose region
removes the background spectrum alone. These
two considerations lead inexorably to the
conclusion that different sites are responsible for
producing the two components of the spectrum.

Suppose site 1 generates the isotropic reson-
ance and site 1T generates the background. Fe?+
and Fe®+ exist in both types of site, as Figs. 2, 5
and 6 indicate. The fact that the electron-trapping
Fed+ sites are type II shows that the electron
affinity of Fe3+in site I1is very much greater than
that of Fe®+ in site 1. From the curve of Fig. 6 it
can be seen that the hole affinity of Fe?* in site 1
is greater than that of Fe*t in site 1I, but not
much greater. However, site II becomes a
special case in the high-dose region because its
natural Fe*+ population has been enhanced by a
“rogue” Fe?t population created in the low-dose
region. It is quite probable that the hole affinities
of the two populations are different, and it is
reasonable to assume that the rogue population
will have the greater hole affinity. Thus, the site
II (background) component in Fig. 6 is most
likely to be caused by reconversion of the rogue
Fe?* ions to their original Fe®+ state.

This model is not in contradiction with that of
Kurkjian and Sigety [22]; their conclusion, that
the isotropic and background components do
not originate from sites of tetrahedral and
octahedral co-ordination respectively, is not
affected by the present results. There is some
disparity between the model proposed here and
that of Loveridge and Parke [12], but this is not
altogether surprising because different glass
systems are being compared. Their work on
borate and silicate glasses led to the conclusion
that “the entire background is associated with
g = 4.3”. This does not appear to be the case for
Pyrex, where site I and site II have been invoked
to characterize the isotropic and background
components. As yet there is insufficient informa-
tion to be specific about the symmetries of the
two sites, but it must be stressed that they are
obviously not separable into tetrahedral and
octahedral sites.

6. Conclusions

Experiments on the vy-irradiation of commercial
Pyrex tube have shown that the Fe®+ electron
trap occupies a site of different symmetry from
that of the Fe?t hole trap, even though both
valence states of iron occupy both types of site.
The width of the isotropic g = 4.29 resonance
indicates that a much larger distribution of
crystal fields is to be found in Pyrex than in the
simpler types of glass and, for this reason, the
future identification of the symmetries of the two
types of iron site may be a complicated process.

The detailed behaviour of the Fe®*+ concentra-
tion with v dose shows a reversal of direction at
about 65 Mrad. This is shown to correlate with
the growth of boron-oxygen hole centres
(BOHC’s). The observation and treatment of
physically-trapped electrons in this context will
be discussed separately [3].
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