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Abstract

Irradiation of alkali silicate glasses results in the formation of metastable spin centers, such as oxygen hole centers

(OHC1 and OHC2), silicon peroxy radicals and a silicon dangling bond (E0 center). In this work, electron paramagnetic

resonance (EPR) and electron nuclear double magnetic resonance (ENDOR) are used to study these spin-1/2 defects. It

is shown that in a subset of the OHC1 centers the �SiOá radical is strongly coupled to a single alkali cation. Thermally

activated swinging motion of this cation causes asymmetric T2 relaxation and changes electron spin echo envelop

modulation (ESEEM) spectra. It is argued that trapping of the hole by non--bridging oxygen atoms does not result in

the release of a compensating alkali cation. Rather, the O±Alk bond elongates and the whole structure relaxes. This

view is supported by semi-empirical and ab initio calculations. The observed axial symmetry of the g-tensor for OHC2 is

the result of rapid tunneling of the electron between two degenerate sites with rate �0:2ÿ 50� � 1011 sÿ1 and activation

energy �10 meV. This center is a hole trapped on a tetrahedral >SiO2ÿ
2 unit or a planar ±SiOÿ2 unit. It is demonstrated

that silicon peroxy radicals are not formed by charge trapping. Their generation is temperature-independent and occurs

via the decay of self-trapped excitons. It seems likely that the same process yields silicon dangling bond centers. Ó 2000

Elsevier Science B.V. All rights reserved.

PACS: 61.82.Ms; 71.23.Cq; 76.30.Mi; 76.70.Dx

1. Introduction

This paper continues a series of works on ra-
diation-induced point defects in mixed oxide
glasses (the studies on alkali borate glasses were
reported in part I [1]). In this paper, we examine
new results on magnetic resonance of O- and Si-
centered radicals in vitreous alkali silicates.

Our study is brought out by a concern about
radiation damage in borosilicate glass forms used
for storage of radioactive waste, in particular,
growth of O2 bubbles in such glasses [2±4]. This
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process was observed in most of silicate and bo-
rosilicate glasses, including simulated waste forms
[3,4], but not in pure fused silica [5±7]. Though the
yield of interstitial O2 is low, ca. 1� 10ÿ6 ±5� 10ÿ6

molecules per eV [5±7], at the total dose of 109 Gy
the concentration of radiolytic O2 exceeds the sol-
ubility threshold, and the gas coalesces into 0.01±
1 lm bubbles [3,4]. Given that the total dose
accumulated by the glass in the ®rst 10 kyr can be
>1010 Gy [2], up to several wt% of the matrix may
disintegrate during the storage. To assess and
mitigate this damage, the mechanism for formation
and agglomeration of O2 and oxygen-related de-
fects must be determined.

We preface the discussion with a brief review of
structural properties and radiation chemistry of
alkali silicate glasses. The absence of such a review
in the literature is one of the reasons for slow
progress in understanding the radiation damage in
these glasses. We include only the data that set the
background for our EPR study.

Electron paramagnetic resonance (EPR) studies
on spin centers in silicate glasses are more challenging
than in borate glasses [1], since magnetic isotopes of
silicon (29Si, spin-1/2) and oxygen (17O, spin-5/2) have
low natural abundance (4.7% and 0.04%, respec-
tively). Thus, costly isotope substitution is needed to
®nd the arrangement of network-forming silicon and
oxygen atoms. Fortunately, naturally occurring iso-
topes of alkali nuclei are magnetic (with spin-3/2 for
7Li, 39K, 23Na and spin-7/2 for 133Cs) and their spatial
arrangement can be studied with several magnetic
resonance techniques, including electron spin echo
envelope modulation (ESEEM) [8] and electron nu-
clear double resonance (ENDOR) [9]. Though this
information is insu�cient to determine the complete
structure of the spin defects (the arrangement of Si
and O atoms is still unknown), it helps to choose
between the available models. Further re®nement of
these models requires magnetic resonance studies on
isotope-substituted glasses.

2. Background

2.1. The structure

The structure of alkali silicate glasses is best
represented as a random network of corner-joined

SiO4 tetrahedrons whose non-bridging oxygens are
compensated by alkali cations (Alk�) [10]. Since
these glasses are quenched melts, the spatial dis-
tribution of alkali cations and the speciation of
SiO4 tetrahedra re¯ect chemical equilibria set in
the melt. On the microscopic scale (0.1±5 nm), the
distributions of Alk� around bridging oxygens
(BO) and non-bridging oxygens (NBO), as well as
the Alk±Alk distribution, are non-random [10±21].
The increasingly popular view of the glass micro-
structure is a `modi®ed random network' model
[10,11] in which the alkali cations line microscopic
tunnels inside the network of SiO4 tetrahedra.
Recent data on 29Si NMR [22±25], X-ray and
neutron di�raction [10,11], XPS, EXAFS and
XANES [11,12] and molecular dynamics (MD)
computations [14±21] give a consistent picture of
the glass structure: K� and Na� cations are co-
ordinated with 5±6 oxygens, of which at least one
oxygen is non-bridging and the rest are bridging.
For Li�, the coordination number is �4, for Rb�

and Cs�, it is �7±8. The oxygen cage is tightly ®t
to the cation; even the cation of smaller diameter
cannot be trapped inside the cage without con-
siderable reorganization (this results in the so-
called mixed alkali e�ect [26±30]). The NBOs tend
to cluster in the melt which in turn causes clus-
tering of alkali cations in glass. Even for relatively
low alkali loading, a substantial fraction of silicon
atoms has less than three BOs: for example, in
Na2O � 3SiO2 glass, ca. 18% of SiO4 units include
at least two NBOs and the BO/NBO ratio is ca. 2.5
[16]. Using 29Si NMR [22±24], the speciation of
SiO4 tetrahedra into Qn units (where n is the
number of BOs at the silicon) has been studied in
much detail [22±25].

In Na trisilicate glass, the ®rst peak in the Na±
BO, Na±NBO and Na±Na distributions is at 0.27,
0.23 and 0.3 nm, respectively [13±19]. These
numbers change little with the fraction of Na2O.
For other than Na� cations, the position of the
®rst peak in the Alk±O distribution correlates with
the ionic radius of Alk�. For K and Cs silicates,
these peaks are at 0.24 and 0.32 nm, respectively
[15,17]. More details can be found in Refs. [10±30].

Alkali-de®cient glasses are prone to phase sep-
aration and devitri®cation on a scale of 0.1±1 lm
[31]. For Na2O±Si2O system, the region of im-
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miscibility is between SiO2 and Na2O � 4SiO2; for
Li2O±SiO2 system, it is between SiO2 and
Li2O � 2SiO2 [31]. The phase separation is caused
by slow cooling of the melt or prolonged heat
treatment of the glass at 500±700°C. Although
many glasses studied by EPR were in this immis-
cibility range, the e�ect of their morphology on the
radiation damage has not been addressed.

2.2. Luminescence centers

Optical spectroscopy of alkali silicate glasses
was discussed by Trukhin et al. [32±39]. Alkali
silicate glasses are wide-gap oxides (the optical gap
is 6±8 eV) which luminesce at 3±4 eV [32,33]. This
emission can be stimulated by single-photon exci-
tation above 5.5 eV [33±35], multiphoton excita-
tion with UV [40±42], visible [39,43] and IR [44]
lasers and by radiolysis [45±54]. Similar emission
was observed in alkali-doped vitreous SiO2 [32±
35,50] and alkali monosilicate crystals (e.g.,
Li2SiO4) [53,54].

Optical spectra of silicate glasses systematically
change with increase in the cation radius of the
alkali modi®er: the luminescence band shifts to the
blue while the absorption and luminescence exci-
tation bands shift to the red [53,54]. In alkali-
doped vitreous silica, the lifetime of light-induced
luminescence is shorter for larger alkali cations
[36,37]. Doping sodium silicate glasses with alkali
earth metals, ZnII, AlIII and TiIV does not change
their thermoluminescence spectra [47]. These
spectra and the number of thermoluminescence
peaks are virtually independent of the glass com-
position [47]. These results suggest that there is
only one type of luminescence (L-) center in all of
alkali silicate glasses of all compositions
[32,33,53,54]. The modi®er must be involved in
these centers since the e�ciency of intersystem
crossing (radiative lifetime) correlates with the
strength of spin±orbit interaction with the alkali
atom [36,37]. From the studies on depolarization
of the luminescence [32,33], it was decided that
the L-center is formed: (i) by photoexcitation of
the ground-state Alk±NBO complex and (ii) by
recombination of shallow-trapped charges. This
recombination is tunneling below 80 K and is
phonon-assisted above 140 K [51,52].

Brekhovskikh and Tyul'kin [47] suggested that
the excitation in the L-center is localized on the
SiO4 unit. Trukhin et al. [32,33,35,38] suggested
that the L-center is the lowest triplet state of the
Alk±NBO complex in which the Alk±O bond is
partially covalent (a triplet ¹SiOááAlk biradical).
This triplet state has slightly lower energy than the
®rst excited singlet state of the same complex
[32,38]. The two models are not mutually exclu-
sive: the L-center could be the Alk±Q3 complex in
which the triplet excitation is localized on the Q3

species perturbed by the crystal ®eld of the alkali
cation. Without the appropriate calculations, it is
di�cult to make a choice between these models.

2.3. Electron centers

Little is known about electrons trapped in
band-tail and midgap states. The extension of the
band-tails toward the midgap is 1±2 eV [35,48].
Mackey et al. [45] attributed absorption bands in
irradiated silicate glasses to hole (H�) and electron
(Eÿ) centers depending on whether doping with
EuIII removed these bands from the UV±VIS
spectra. In low-temperature Na silicate glasses, the
Eÿ1;2 bands centered at 2 eV are most prominent;
these bands are shifted to 1.6 eV in K silicate glass
[45]. Above 220 K, the Eÿ1;2 bands anneal and two
other bands, Eÿ3 (4 eV) and Eÿ4 (5.2 eV), appear.
These two bands are stable below 500 K. Photo-
activation of the E1ÿ center at 1±3 eV or its ther-
mal activation above 40 K results in the L-center
luminescence [45,53,54]. Photoactivation of hole
centers at 2 eV results in the decay of the Eÿ3 band
[45].

The nature of intrinsic electron centers is not
known. Frequently cited EPR observations of
spin-1/2 electron centers [55,56] with g-factor of
1.96±1.97 were, actually, of the TiIII impurity [57±
59]. In these early EPR studies, the glass samples
were made of naturally occurring silica (such as
rock quartz and African sand) heavily contami-
nated with metal oxides. Upon radiolysis, octa-
hedrally coordinated TiIV captures electron and
forms a brightly colored spin-1/2 TiIII center with
g � 1.95±1.97 [57,58]. The Eÿ1;2 bands observed by
Mackey et al. [45] look much like the 2.5 eV band
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of this TiIII center [59]. It remains to be proven that
these bands are from intrinsic centers.

It has been proposed that the Eÿ1 centers ob-
served by Mackey et al. [45] are electrons trapped
by isolated alkali cations [35,53,54,60]. This view is
at odds with the energetics of electron trapping in
amorphous SiO2. Using conductivity methods, a
sodium-related electron trap with binding energy
of 2.4±2.5 eV was identi®ed in the bulk of the SiO2

layer on silicon [62]. The electron in the Eÿ1 center
has binding energy of 1.2±1.5 eV [45]. It is too
shallow a trap to be an alkali atom center. In ad-
dition, no such centers were found by EPR.

The only credible study on spin-1/2 electron
centers is by optically detected magnetic resonance
(ODMR) [60]. The ODMR signals were observed
at 1.6 K; the L-center afterglow in Na2O � 3SiO2

glass was used to detect tunneling recombination
of charges in band-tail states. The ODMR spec-
trum consisted of a narrow resonance signal from
an oxygen hole center (see below) and a broad bell-
shaped signal centered at g � 1:996 with 23±25 mT
fwhm. There is no evidence that this broad
ODMR signal is from a band-tail electron; it could
be from an impurity center or even a triplet state
(i.e., the L-center itself). However, this signal re-
sembles the EPR signal from alkali electron cen-
ters in sodium borate glasses [1,61]. These alkali
cluster centers absorb at 1.5±2 eV [61], exactly
where the Eÿ1;2 bands were found.

It is well known that clusters of alkali cations
are good electron traps. Spin-1/2 alkali clusters
were observed by EPR in crystalline silicates (e.g.,
zeolites) and in alkali borate glasses [61]. Fur-
thermore, Ag0 atoms and Ag�2 clusters were ob-
served by EPR in silver-doped alkali silicate
glasses [32,63]. Nevertheless, in pure alkali silicate
glasses, no paramagnetic alkali clusters or F-cen-
ters [64,65] were found by EPR. Thus, the alkali
electron centers are either absent or diamagnetic.
The second alternative is more probable. Perhaps,
the alkali electron centers in silicate glasses are
negative-U defects. (The electron correlation ener-
gy in a negative-U defect is so high that trapping
the second electron is energetically favorable.) This
second electron can come from an ionized midgap
defect or a shallow band-tail state. This electron
pairing could be inhibited only at very low tem-

peratures. The resulting (diamagnetic!) electron
centers are analogous to the M center in alkali
halides [64,65].

2.4. Hole centers

The hole centers are readily observable by EPR.
When they recombine with electrons, the light-
emitting L-centers are formed [45±47]. Upon
thermal annealing, the yield of the L-center emis-
sion correlates with the decay of the EPR signal
from the hole centers [46]. Formation of hole
centers and the L-center luminescence are in-
hibited by doping the glass with CeIII, EuIII

[45,55,56,66,67] and oxides of As, Sb, Pb and Sn
[47]. The hole centers are stable to 450 K [45].

There are two absorption bands from the hole
centers, H�3 (2 eV) and H�2 (2.7 eV). The ®rst band
was correlated with spin-1/2 center OHC2, the
second with OHC1 (see below). The H�3 center
(OHC2) is a deeper trap and has higher cross-sec-
tion for electrons [45]. Reversible changes ob-
served upon excitation of the H�2 center with 2 eV
light suggest that the two hole centers are in
thermal equilibrium [45,47]. Above 400 K, OHC2

reversibly converts to an OHC1-like defect [68].
Griscom [69] estimated that the activation energy
of this conversion is 0.2 eV. This estimate is close
to the activation energy of thermoluminescence
[46].

2.5. EPR spectroscopy of hole centers

Oxygen hole centers were extensively studied by
continuous-wave (cw) EPR [66±81] and, more re-
cently, by pulsed EPR [82,83]. The subject was last
reviewed by Griscom [68] (see also discussions in
Refs. [69,71,80]).

In most of alkali silicate glasses, the EPR sig-
nals from OHC1 and OHC2 overlap spectrally.
This overlap can be reduced either by changing the
glass composition [75] or by microwave saturation
of the OHC1, which has longer spin±lattice relax-
ation times [69,77]. In glasses with x � 15±20
(where x is the mole fraction of SiO2) the cw EPR
signal is mainly from the OHC1 [75], whereas in
the glasses with x � 1±1:5, it is mainly from OHC2

[70,71]. In K, Na and Li silicate glasses, the

38 I.A. Shkrob et al. / Journal of Non-Crystalline Solids 262 (2000) 35±65



relative yield of OHC2 decreases linearly with x
[75,81]. OHC2 has the features of a radical with an
axially symmetric g-tensor, while the OHC1 has
orthorombic g-tensor. In both cases, the principal
values gi of the g-tensor are distributed over a wide
range, re¯ecting di�erent environments in a dis-
ordered solid. The gi values obey the following
equation:

Dgi � 2ki=D; �1�

where Dgi � gi ÿ ge; ge � 2:0023 is the g-factor of
a free electron, ki is the spin±orbit coupling con-
stant and D is a splitting between the energy levels.

Studies of 17O (I� 5/2) [71] and 29Si (I� 1/2)
[68,79] EPR satellites for OHC1 in K2O � 5SiO2

glass indicate that the spin density is located on the
O 2p orbital of a single NBO. The spin density at
the 3s orbital of the neighboring silicon (Si0) is
0.8%. Therefore, the OHC1 is a ¹SiOá radical
formed by charge-compensation at the NBO (I).

Continuous-wave EPR spectra were simulated
by averaging over all possible g2 and g3 values
given by Eq. (1) while keeping g1 � ge; the result-
ing powder EPR spectrum was convoluted with a
Lorentzian or Gaussian function. For OHC1 in K
[68,77] and Na [81] silicate glasses, this method
gives good-quality ®t of EPR spectra in 9 and 35
GHz bands. For OHC1 in K silicate glasses, the

distribution of Ds in Eq. (1) is Gaussian, with
mean energy of 1.5 eV and fwhm � 0:7 eV [68].
Thus, in these glasses the main cause for the dis-
persion in the gi values is energetic disorder. The
reason for assuming that g1 � ge is the planar
symmetry of crystal ®eld exerted by K�: in center
I, the NBO 2px (HOMO) orbital is perpendicular
to the K±NBO±Si plane, with the g1, g2 and g3

values corresponding to xx, yy and zz components
of the g-tensor (the z axis is collinear with the Si±
NBO bond). This simple approach is insu�cient
for simulation of EPR spectra for OHC1 in Rb and
Cs silicate glasses where the spin center has a
subset of g1 values well below ge (Ref. [75] and this
work).

The exact way in which the OHC1 is formed
and the degree to which it involves alkali cation(s)
are unknown. There are two views: (i) that fol-
lowing the hole trapping, the compensating alkali
cation migrates away from the Q3 unit leaving
uncompensated complex I [68] and (ii) that the
compensating cation does not leave the trapping
site and remains strongly coupled to the NBO [80].
There is also a possibility that the compensating
cation is missing in the precursor of complex I

making it a deeper Coulombic trap, as happens in
borate glasses [1]. Since the linewidth of EPR
spectrum from OHC1 roughly correlates with nu-
clear dipole moment of the alkali cation, it was
suggested that the broadening of the EPR spec-
trum is caused by electron-nuclear dipole±dipole
interaction with a strongly coupled alkali cation
[75,80,81]. Subsequently, this mechanism was
shown to be insu�cient to explain the observed
line shapes and their variations with the type of the
alkali cation [69]. Instead, it was suggested that the
EPR line shape originated through rapid spin re-
laxation in the hole centers (in particular, for
OHC2) [69]. In the subsequent paper [70], it was
concluded that this mechanism is not needed to
explain the EPR line shape for OHC2. In this
work, we demonstrate that the spin relaxation is
too slow to account for the observed broadening
of resonance lines in both the hole centers.

In c-irradiated `wet' silica (fused silica with 1200
ppm of OH groups), there is an oxygen hole center
that is related to the OHC1 in alkali silicate glasses
[72,73]. This center has di�erent EPR parameters,
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annealing behavior and optical properties than the
oxygen hole center observed in neutron-irradiated
`dry' silica. The accepted wisdom is that in `wet'
silica the OHC is produced when a free triplet
exciton interacts with the ¹SiOH group causing
its scission. Since the siloxyl groups in silica are
paired, it is reasonable to expect that the NBO in
this hole center interacts with a proton on a
neighboring siloxyl group; this interaction is
lacking for OHC in `dry' silica. This `special in-
teraction' model justi®ed a similar model for the
OHC1 [68].

The hole center in `wet' silica absorbs at 2 eV
and emits at 1.9 eV [50,72,73]. This red lumines-
cence was not observed in alkali silicate glasses
[32,50]. In alkali-doped fused silica, a weak 1.9 eV
band appears only when the irradiated sample is
warmed to 300 K [50]. This behavior suggests that
migration of compensating alkali cation from the
hole center requires some thermal activation.
Given that the alkali cation is coordinated with
three-to-six BOs [10], this is not surprising. Fur-
thermore, provided that Trukhin's model of the
luminescence center in alkali-doped silica is cor-
rect, only OHC1 in which the compensating alkali
cation stays close to the NBO accounts for the
formation of the L-center upon neutralization of
the hole center. This is the reasoning behind the
model of OHC1 suggested by Kordas et al. [80].

Recently, the structure of the OHC1 in 7Li sili-
cate glasses was studied with ESEEM [82] and
HYSCORE (a 2D correlation pulsed EPR spec-
troscopy) [83]. With the ®rst technique, it was
shown that the OHC1 is weakly coupled to several
lithium cations [82], while the analysis of cross-
peaks in HYSCORE spectra suggested that one of
the lithium cations is strongly coupled to the
electron spin (aiso � 0:5� 0:1 MHz, T? � 4� 0:2
MHz) [83]. In the point dipole approximation, this
corresponds to the NBO±Li separation of
0:20� 0:02 nm and the spin density of 0.14% on
the Li 2s orbital. Such a close association suggests
that the compensating lithium cation does not
leave the trapping site. In this EPR study, we
provide additional evidence in favor of this model.
(While this paper was reviewed, Astrakas and
Kordas [84,85] published two more studies of
OHC1 in alkali silicate glasses. Using HYSCORE

spectroscopy, they demonstrated that 23Na� is
strongly coupled to OHC1 in sodium silicate
glasses (with aiso � 1� 0:1 MHz and
T? � 1:8� 0:2 MHz) which indicates the NBO±
Na separation of 0:23� 0:02 nm and the spin
density of 0.11% on the Na 3s orbital [84]. These
estimates agree well with the results obtained in
our ESEEM study. Astrakas and Kordas [85] also
suggested that the electron spin in OHC1 is cou-
pled to 13±24 distant alkali nuclei at �0.7 nm.
Again, the existence of two subsets of alkali ca-
tions is supported in this work.)

In the OHC1, the binding energy of the alkali
cation is much lower than in a regular Q3 unit.
Therefore, accumulation of such hole centers
should increase superionic conductivity of the
glass. In the `weak electrolyte' theory of conduc-
tion [26±28], the activation energy of cation mi-
gration Ea � DH=2� Em where DH is the enthalpy
of the ¹SiOÿAlk� dissociation and Em is the `true'
activation energy of the migration (e.g., the elastic
strain energy). Typical estimates of Em are around
0.1 eV (�Ea/5) [26±28]. For alkali cations bound to
OHC1, we expect that Ea � Em. The overall dc
conductivity of irradiated glass would depend on
the defect yield: generation of isolated hole centers
may increase the conductivity but it would not
change the activation energy of cation migration
unless there is defect overlap. Experimentally,
there are at least three regimes of superionic con-
duction in irradiated alkali silicate glasses. At low
radiation doses (<5 kGy), the conductivity in-
creases severalfold without much change in the
activation energy of cation migration [86,87].
Further irradiation causes gradual decrease in the
conductivity to the pre-irradiation level, possibly
due to trapping of migrating Na� cations by
electron centers [86,87]. However, prolonged irra-
diation (>1010 Gy) with 0.1±10 keV electrons
causes structural changes that facilitate rapid mi-
gration of alkali cations [5±7,88±91]. According to
Gedeon et al. [91] in this regime the concentration
of the defects exceeds certain threshold so that
there is a continuous conduction pathway for al-
kali cations across the sample. For sodium silicate
glasses, this rapid migration occurs with Ea � 0:05
eV [88±90] as compared to Ea � 0:5±0:7 eV in non-
irradiated glass [26±28]. We speculate that the
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rapid migration of alkali cations might be due to
the formation of chains of type-I hole centers.

OHC2 is less characterized than the OHC1.
Many structural models for this center were con-
sidered (see discussion in Ref. [80]). At the present
time, only the model developed by Cases and
Griscom [70] is acceptable (structure II). This
model rests on three observations: (i) axially
symmetric OHC2 can be reversibly converted to a
broken-symmetry OHC1-like center upon warm-
ing the sample [68,69], (ii) the observed 17O satel-
lite structure suggests that the spin density is
shared between two magnetically equivalent NBOs
(although the quality of the cw EPR data is in-
su�cient to make this statement with certainty,
due to the presence of EPR signals from other spin
centers and CuII impurity) [70] and (iii) the spin
density on 29Si is comparable to that on 29Si in
OHC1 [70].

Cases and Griscom [68,70] suggested that in
the OHC2, the spin is shared between two NBO
2p orbitals lying in the NBO±Si±NBO plane; the
alkali cation is out of this plane. Upon thermal
activation, the cation migrates into the plane and
the unpaired electron localizes on a single NBO
[68]. The OHC2 can be visualized as a hole
trapped on the Q2 species with one of the com-
pensating alkali cations missing. The remaining
alkali cation either couples to a single NBO
(yielding an OHC1-like defect) or migrates away
(yielding OHC2). In the latter case, the g-tensor
of the symmetric OHC2 is orthorombic, with g1

and g3 values given by Dg1 � 2k=Dcos2�h=2� and
Dg3 � 2k=D sin2�h=2�, where h is the NBO±Si0±
NBO angle [70]. It was assumed that the angle h
is within �15° from the regular BO±Si±BO angle
and h / Dÿ1=2. Given many assumptions made in
this model, it is di�cult to conclude decisively
that the two NBOs are magnetically equivalent.
As shown in this work, this equivalence must be a
result of rapid dynamic averaging between the
OHC1-like conformers.

2.6. Other radiation-induced spin-1/2 centers

In addition to the hole centers, there is a silicon
dangling bond center (III) and several O-centered
radicals (e.g., IV). The dangling bond center

(called E0 in analogy to a similar E0c center in fused
silica) gives a narrow EPR line at g � 2. The re-
lated 29Si±E0 center exhibits a 37 mT doublet [71].
Since the hyper®ne coupling constant (hfcc) for
29Si in the E0 center is 12% lower than the hfcc in
the E0c center [63,72,73] (37 vs. 42 mT), it was
speculated that the spin density is shared with a
nearby alkali cation [71].

When c-irradiated K silicate glass is annealed at
540 K, the hole and E0 centers decay and the re-
sidual EPR signals are from radicals whose cw
EPR spectra, 17O and 29Si satellite structure and
microwave saturation behavior are similar to those
of the silicon peroxy radical (Si-bonded Oÿ2 á) in
fused silica (IV) [71]. After annealing at 580 K, this
EPR signal disappeared, and a weak residual sig-
nal from a radical with a more symmetric g-tensor
was observed. This radical was identi®ed as
the interstitial superoxide anion (Oÿ2 á) with
A�29Si� � 0. In K2O � 1.3SiO2 glass annealed at 610
K, an additional narrow EPR signal from ozonide
anion, Oÿ3 á, was observed [71]. In O� implanted
soda lime glass, interstitial Oáÿ ions were found
[92]. Thus, at least three kinds of oxygen intersti-
tial centers were found in irradiated alkali silicate
glasses. It has been guessed that these species are
related to radiolytic O2 in alkali silicate glasses [2].
Indeed, in fused silica, where only bonded peroxy
radicals were observed [63], no evolution of mo-
lecular O2 was found [5±7].

The mechanism for formation of these O-cen-
tered radicals is unknown. Cherenda and Yudin
[76] suggested that in vitreous silica and alkali
silicates, the peroxy radicals and hole centers are
formed upon homolysis of peroxy linkages
�¹Si±OO±Si¹�. For silica, this view has long
been discredited [63]. In c-irradiated fused silica,
the E0c centers and peroxy radicals are formed
through hole trapping at oxygen vacancies
�¹Si±Si¹� and peroxy linkages, respectively
[63,72,73]. The decay of Frenkel pairs (dissociated
self-trapped triplet excitons) also leads to these
defects [93]. Above 500 K, the E0c centers convert
to peroxy radicals in a reaction with interstitial O2

[94±96]; the reverse reaction requires electron ex-
citation of the peroxy radical [97,98]. Since EPR
observation of O2-related spin centers in alkali
silicate glasses required thermal annealing above
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550 K [71], it is not clear which one of these
mechanisms operated in these glasses.

In addition to the intrinsic centers examined
above, various transition metal impurity centers
have been identi®ed (see Ref. [63] for a review).
Interestingly, despite 100±300 ppm of siloxyl
groups present in the glass, trapped H atoms are
not observed in alkali silicate glasses.

In conclusion, much is to be learned about ra-
diation damage in alkali silicates. Of all radiation-
induced centers in these glasses, only OHC1 and
L-centers are understood in some detail. These
centers were related to the Alk±NBO complex and
to each other. The mechanism for the OHC1 for-
mation and its general structure are not fully un-
derstood. Proposed structures for the hole and
luminescence centers are sketchy. A feasible model
for OHC2 was proposed, but it needs further
elaboration and experimental support. Several
oxygen interstitial and vacancy centers were iden-
ti®ed, but their formation mechanisms and rela-
tion to interstitial O2 are unknown. The nature of
electron centers in silica and alkali silicate glasses
is as enigmatic as ever.

3. Experiment

3.1. Sample preparation

Glass samples were prepared under oxidizing
conditions, by melting 5±10 g batches of alkali
carbonates mixed with crushed Suprasil II, in co-
rundum crucibles. The mixture was ®rst warmed
to 600°C over 1/2 h and then heated to 1400±
1600°C for 1±3 h. For some compositions (low
molar fraction of alkali), this procedure gave an
opaque ceramic solid; in such cases, the samples
were melted for 30 min in the ¯ame of a propane-
oxygen torch. All the samples used in this work
were clear glassy solids. The samples were stored
in a desiccator and crushed under nitrogen. In the
following, the samples are referred to as Alk-x,
where Alk is the type of alkali cation and x is the
SiO2/Alk2O ratio.

AlIII doped glass was prepared by addition of
alumina, TiIV doped glass ± by addition of
(NH4)2TiO(C2O4)2 �H2O. CeIII doped glass was

prepared under reducing conditions; CeO2 was
used as a source of cerium and sucrose as a re-
ducing agent. The reduction of CeIV was complete
by >95%, as determined by UV±VIS spectroscopy.

Using other siliceous materials than suprasil II
(e.g., high-grade SiO2 from Aldrich) resulted in
contamination of samples by AlIII, TiIV and CuI.
After irradiation, these samples gave EPR signals
from CuII and TiIII ions. Some suprasil batches
were found to yield strong EPR signals from Al
hole centers; careful screening of silica batches was
needed to ®nd a suitable source of pure SiO2. Even
our best samples had signi®cant Fe and OH im-
purity (100±300 ppm); this level of contamination
is typical for other `pure' silicate glasses [99]. The
FeII and FeIII impurity can be observed in cw EPR
spectra (broad resonance signals at geff � 2 and
geff � 4:3) and near-IR spectra (FeII only), the OH
impurity ± by IR spectroscopy. Outgassing the
glass samples at 500±600°C yields �1016±1017 cmÿ3

of H2O, CO2 and N2. Thus, the `purity' of our
samples is relative. While the EPR signal from TiIII

does not overlap with the EPR signals from the
intrinsic spin centers, the signal from CuII overlaps
with the EPR signals from peroxy/superoxide
radicals and OHCs; the identity of the impurity
center can be established by studying its relaxation
and annealing behavior. No aluminum-related
centers were observed even in intentionally Al-
doped glasses (<1 wt%).

The samples were irradiated using c-rays form a
60Co facility (10 kGy/h) or 3 MeV electrons from a
Van de Graa� accelerator (Chemistry Division,
Argonne National Laboratory). In the latter case,
the target was either water-cooled (for 300 K ir-
radiation, 9� 108 Gy/C) or liquid N2 cooled (for
77 K irradiation, 5� 107 Gy/C). The electron
current was varied between 0.5 and 10 lA. The
warming of the sample during the irradiation was
within 2°C. When 3 MeV electrons were used, the
EPR spectra were obtained 1±2 min after irradia-
tion. Typical doses were ranging from 0.1 kGy to
10 MGy; if not stated otherwise, the samples were
irradiated to 0.65 MGy at 300 K.

The crushed glass samples were vacuum-sealed
in 4 mm Suprasil II tubes. The upper part of the
sample tube was shielded from the irradiation; as
an addition guard the tip was ¯ame annealed at
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1200°C, and the tube ¯ipped. No EPR signals
from the annealed sample tube was observed.

3.2. Continuous-wave EPR and ENDOR

First-derivative cw EPR spectra were obtained
using 100 kHz modulation. At 4±50 K, the T1 re-
laxation of the OHCs is su�ciently long to cause
slow-passage distortion of the cw EPR signal.
Furthermore, a broad EPR signal from FeIII at
geff � 2 overlaps with resonance signals from in-
trinsic spin centers. At 4.7 K, the OHC1 in K sil-
icate glasses saturated at 5 mW and Cs glasses
showed partial microwave (lw) saturation,
whereas Li and Na glasses showed no lw satura-
tion even at 100 mW. The saturation of the signal
from the E0 center requires 1±10% of the lw power
needed to saturate OHC1. Except for the relative
yield of the narrow signal from the E0 center
(which overlaps with EPR signals from the hole
centers), the cw EPR spectra of the hole centers
obtained for di�erent radiation doses are identical.

The spin concentrations were obtained by
double integration of the ®rst-derivative EPR
spectra obtained at low lw power; the integral was
calibrated relative to the EPR signal from a weak
pitch sample (1013 spins/cm) and CuSO4 � 5H2O.
The g-factors were calibrated vs. DPPH radical.

Continuous-wave ENDOR spectra in the X-
band were obtained on a Bruker ESP300E spec-
trometer at the laboratory of Professor M. Maki-
nen, University of Chicago; the Q-band (35 MHz)
spectra were obtained by Dr J. Telser of Roosevelt
University on a home-built ENDOR spectrometer.
The X-band spectra were obtained at 4±10 K using
lw power of 20 mW, maximum radio-frequency
power, FM at 12. 5 kHz and FM depth of 50 kHz.
The Q-band spectra were obtained at 2 K, 2 G
modulation, using the lw power of 20 W.

3.3. Pulsed EPR

Electron spin echo (ESE) spectra were obtained
at 8.5±9.2 GHz using a home-built pulsed lw
bridge. Below 300 K, the temperature was con-
trolled using a Helitran cryostat. Between 300 and
600 K, hot air was blown through a sapphire
jacket containing the sample tube.

Short 20±30 ns microwave pulses were used for
excitation of the spin centers. Longer lw pulses
(up to 200 ns) were used to obtain ®eld-swept ESE
spectra with resolution better than 0.1 mT. Pri-
mary (90°-s±180°-s� and stimulated
(90°-s±90°-T ±90°-s) spin echo was observed as a
function of the delay times s and T. Pre®xes `p'
and `s' will be used to distinguish between the two
kinds of the spin echo. Inversion-recovery
(180°-T ±90°-s±180°-s) sequences were used to
study spin±lattice relaxation; virtually the same
kinetics were obtained from the sESE kinetics. The
dead time of the spectrometer was between 180
and 250 ns, depending on the dielectric load. For
convenience, the ®eld in the EPR spectra are given
in the units of e�ective g-factors de®ned as
geff � x=beBres, where Bres is the resonance ®eld, x
is the lw frequency and be is the electron magne-
ton.

In the absence of echo modulation by magnetic
nuclei, the pESE kinetics in the s domain were
exponential, E�s� � exp�ÿ2bs�. The phase mem-
ory time Tp of the spin packet was de®ned as
Tp � 1=b. The decay parameter b of hp-s±2hp-s
primary echo depended on the ¯ip angle hp of the
excitation lw pulse. For instantaneous spin di�u-
sion caused by dipole±dipole interaction of uni-
formly distributed electron spins

b � b0 � 4p2=9
���
3
p
�gebe�4Ns sin2�hp=2�; �2�

where Ns is the density of spin centers. Eq. (2) was
used to determine local spin densities for hole
centers.

4. Results

4.1. High-temperature regime (>250 K)

Fig. 1(a) shows a family of ®eld-swept pESE
spectra obtained from irradiated K-3 glass (300
K). These spectra were obtained as a function of
the delay time s between the 90° and 180° lw
pulses and normalized to the same value at
geff � 2:015. Since the amplitude of the pESE sig-
nal for a given delay time s is proportional to
exp(ÿ2s=Tp), the spin packets with longer Tp
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(higher b) yield stronger echo signals at later delay
times. According to Fig. 1(a), the hole centers with
geff > 2:01 have longer phase memory times than
those with geff < 2:01.

The narrow pESE signal at geff � 2 is from the
E0 center; this center has phase memory time
Tp � 1:03 ls and spin±lattice relaxation time
T1 � 120 ls (at 300 K). The T1 time varies little
(10±15%) with the radiation dose and alkali
modi®er fraction; very similar T1 times were ob-
tained for E0 centers in Li and Na silicate glasses.
The broad signal with geff between 1.99 and 2.025
is from the OHC1 (due to rapid T2 relaxation,
pESE signals from OHC2 cannot be observed at
300 K). The decay kinetics of pESE as a function
of s and sESE kinetics as a function of T are both
exponential, in any resonance ®eld. The peaks at
geff � 2:003, 2.0076 and 2.015 roughly correspond

to centroids of the {gi} distribution (Fig. 1(a)). In
the corresponding resonance ®elds, the Tp and T1

relaxation times are, respectively, 0.66 and 1.91 ls
(g1), 0.64 and 1.83 ls (g2), 0.6 and 2.14 ls (g3).
Thus, the relaxation times are shorter for lower-®eld
(higher-geff ) signals. For T1 times, this is true for
both types of hole centers, in all glasses, at any
temperature. Fig. 2(a) shows the dependence of the
decay parameter b as a function of geff . This pa-
rameter is independent of geff for geff > 2:018 and
increases linearly with geff between 2.005 and
2.0018 (dashed line in Fig. 2(a)). At geff < 2:005,
the pESE signals from the OHC1 and E0 centers
overlap, and the observed Tp times become longer
(Fig. 2(a)). When the ¯ip angle dependence of the
decay parameter b was obtained, formula (2) was
found to held for spin packets with geff > 2:005.

Fig. 2. Field dependences of the decay parameter b of the

primary spin echo (b � 1=Tp) for the same irradiated K-3

sample, observed at 300 K (a) and 12.5 K (b) (®lled circles). The

echo signals were excited selectively, using 50 ns lw pulses

(repetition rate was 5 kHz at 300 K and 1 kHz at 12.5 K). Bold

traces are normalized ®eld-swept pESE spectra obtained at

s � 0:3 ls. In (a), a pESE spectrum from the same sample an-

nealed for 5 min at 340 K is shown by dots (this signal was

ampli®ed 12 times). In this spin-dilute sample, the pESE spec-

trum looks the same way as the spectrum in the pre-annealed

sample.

Fig. 1. Field-swept pESE spectra from irradiated K-3 glass.

The spectra were observed at 300 K (a) and 420 K (b) for lw

frequency of 8.54 GHz, repetition rate of the pulse sequence of

5 kHz, and exception (90°) lw pulse of 35 ns. The spectrum

indicated `FID' is from the E0 center; this spectrum was ob-

tained by boxcar integration of the free induction decay at 0.2±

0.3 ls following a 20 ns, 90° lw pulse (the oscillation in the ®eld

domain are due to transient nutation of electron spin in the time

domain; the nutation frequency depends on B0). Three cent-

roids gi of the g-tensor envelope are indicated in traces (a); the

side line at geff � 2 is the echo signal from E0. The spectra for

di�erent delay times s were normalized to the same amplitude at

geff � g3. The spectra were obtained for s � 0:3 ls (bold lines),

0.45, 0.65, 0.85 and 1.25 ls (dashed lines).
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While the local spin density Ns correlated with the
radiation dose, b0 was dose-independent but geff -
dependent (increasing from 0.3 to 0.5 lsÿ1 across
the spectrum). The concentrations Ns inferred
from Eq. (2) and those determined by integration
of cw EPR spectra were within a factor of 2 from
each other (Ns varied from 1017 to 2� 1018 cmÿ3

with the radiation dose). Thus, the hole centers are
uniformly distributed, at least on the scale ex-
ceeding 1 nm. Even for the highest spin concen-
trations, the e�ect of dipolar broadening on the
appearance of pESE and cw EPR spectra is neg-
ligibly small (compare the two traces in Fig. 2(a)).

Since the T1 times for OHC1 and E0 centers
di�er by more than an order of magnitude, the
signals from OHC1 can be eliminated by observing
sESE at su�ciently long delay times T between the
second and third microwave pulses (Fig. 3(a)). For
T > 15 ls, the ®eld-swept sESE spectra are from
the E0 center only. Fig. 3(b) shows these spectra for
K-3 and Na-3 glasses. The sESE signal from K-3 is
centered at geff � 1:9996 and has Gaussian shape
with r � 0:24 mT (the ®rst derivative peak-to-peak
width DBpp � p2r); the ESE signal from Na-3 is
70% broader and the corresponding g-tensor is
axially symmetric (g? � 1:9996 and gk � 2:005). In
K silicate glasses, the excitation of the E0 center
with a single 90° lw pulse yields free-induction
decay (FID) lasting over a microsecond (Fig. 1(a)
shows ®eld-swept EPR spectrum obtained by time
window integration of this FID signal). Therefore,
for E0 center in K silicate glasses there is almost no
inhomogeneous broadening of the EPR signal. 1

In Na and Li silicate glasses, the signal from the E0

center is inhomogeneously broadened. The obser-
vation of FID for E0 center in K glasses is in-
compatible with the g-factor analysis given in Ref.
[71]. It is likely that in this cw EPR work, the
resonance signal from the E0 center was not su�-
ciently separated from the overlapping signal from
hole centers.

Due to high sensitivity of pulsed EPR, the ob-
servation of certain 29Si satellites does not require
isotope enrichment of the glass. Fig. 4(a) shows a
wide-swept pESE spectrum from irradiated Na-3
glass. Apart from a `narrow' signal at the center
(from OHC1 and E0), there is a signal from TiIII

impurity at geff � 1:95±1.97 and a set of two lines
(at 0.1% of ESE signal from the OHC1) whose
centers are separated by 36� 1 mT. Apparently,
this is the same 29Si±E0 doublet observed by cw
EPR in K-5 glass by Cases and Griscom [71] and
K-13.3 glass by Cherenda et al. [100]. Thus, the
orbital structure of the E0 defect in sodium and
potassium silicate glasses is virtually the same, the
only di�erence being axiality of the g-tensor for E0

center in Na glasses. This similarity cannot be
explained if there is sharing of spin density be-
tween Si and a nearby alkali cation, as suggested
by Cases and Griscom [71].

The EPR signal from E0 centers is more prom-
inent in alkali-de®cient glasses and at higher
radiation doses. While the concentration of
OHC1 stabilizes at ca. 5� 1018 cmÿ3 at the dose of

Fig. 3. Field-swept sESE spectra from irradiated Na-3 glass for

s � 0:3 ls and T � 0:6, 5, 15 and 30 ls at 300 K (a). With in-

crease in the delay time T, the weight of the sESE signal from

OHC1 (i) decreases while the weight of the E0 signal (ii) in-

creases. The T1 times for spin packets (i) and (ii) are 1.7 and 140

ls, respectively; the weights of the sESE signals decrease with T

as exp(ÿT=T1). (b) Normalized T � 30 ls traces observed in

(iii) K-3 and (iv) Na-3 glasses; these signals are from E0 centers

only.

1 Inhomogeneous broadening is caused by spectral overlap of

resonance signals from di�erently oriented spin centers with

asymmetric g-tensor. Homogeneous broadening is due to T2

relaxation in these centers. With spin echo detection, the

homogeneous broadening is transferred to the time domain.

Inhomogeneously broadened lines do not yield FID signals.
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10±100 kGy, the concentration of E0 centers
steadily increases to at least 5 MGy (at 300 K).
The yield of E0 centers does not change signi®-
cantly upon doping the glasses with CeIII.

At higher temperatures (300±480 K), the pESE
spectra do not change much (Figs. 1(b) and 4(b)).
Phase relaxation is faster at higher temperatures.
At 450 K, the phase memory times for OHC1 in K-
3 shorten by 30% as compared to the Tp times at
300 K. Another trend is an increase in the spread
of phase memory times across the ESE spectrum
(the ratio of the shortest to the longest Tp times
increases from 9:10 at 300 K to 3:4 at 450 K); the

dependence of b on geff still resembles the one
shown in Fig. 2(a).

Alkali-de®cient silicate glasses are known to
phase-separate upon prolonged heat treatment.
Two Na-19 glasses, one as-made and another an-
nealed for 1 h at 800 K, were irradiated to 0.2
MGy at 300 K. Although the EPR signals from
OHC1 were identical in both these glasses, in
phase-separated glass the Tp time was ca. two
times shorter. The ¯ip-angle dependences indicat-
ed that this shortening was due to higher local
concentration of hole centers in the phase-sepa-
rated glasses. Therefore, hole traps in Na-rich is-
lands are deeper than hole traps in the Si-rich
phase. The T1 times for a subset of E0 centers in
phase-separated glass were by an order of magni-
tude longer than in homogeneous glass, ap-
proaching the T1 times for E0c defect in silica.
Perhaps, the E0 centers are preferentially formed in
the Si-rich phase. Thus, microscopic inhomoge-
neity of the glass leads to inhomogeneity of radi-
ation damage. This applies to other glasses: In
alkali borosilicate glasses, the glass morphology
has the major e�ect on the spatial distribution of
radiation-induced defects [101].

4.2. Intermediate temperatures (50±200 K)

In K-3 glasses cooled below 160±180 K, the spin
relaxation pattern for OHC1 di�ers from that ob-
served at 300 K (Fig. 5). Whereas at higher tem-
peratures the high-®eld signals have shorter Tp

times than the low-®eld signals, at lower temper-
atures the spin packets at the center of the EPR
spectrum relax faster than those in the wings. This
transformation is complete at 30±40 K. Below 30
K, the geff dependence of the relaxation rates b
reproduces the geff dependences of the pESE signal
itself (Fig. 2(b)); the corresponding phase memory
times are 2±3 times longer than Tp times for the
same sample at 300 K.

Even more dramatic are changes in the time
scale of spin±lattice relaxation. Below 100 K, the
inversion-recovery and sESE kinetics are no longer
exponential; these kinetics can be ®t with stret-
ched-exponential dependence, exp(ÿ�T=Ts�a), with
a between 0.5 and 1. At 100 K, a � 0:8 and
Ts � 23 ls (g3 centroid) and 12 ls (g2 centroid); the

Fig. 4. Field-swept pESE spectra from irradiated Na-3 glass.

The spectra were obtained at 300 K (a) and 355 K (b), re-

spectively (8.54 GHz, repetition rate 5 kHz, 27 ns pulse). (a)

Wide-scan pESE spectrum showing signals from TiIII impurity

centers (a singlet at 310 mT with geff � 1:97) and a doublet from
29Si±E0 center (indicated with asterisks). 105 echo signals were

averaged to obtain this spectrum. The signal at the center is

from OHC1 and 28Si±E0 center. (b) Evolution of the pESE

spectrum in the s domain, s � 0:25 ls (bold trace), 0.45, 0.65,

0.85, 1.25 and 1.65 ls (dashed trace). The traces were normal-

ized at geff � 2:01. Phase memory times Tp for spin packets (i)±

(iii) are 0.53, 0.63, and 1 ls, respectively. Growing signal (iii) is

from the 28Si±E0 center.
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Tp times for these signals are comparable (1.1±1.2
ls) and b0 � 0:7 lsÿ1. Below 50 K, a � 0:5 and the
Ts times increase dramatically. At 45 K, the Ts

times for these two centroids are 35 ls (g3) and 20
ls (g2); at 14 K ÿ280 ls (g3) and 145 ls (g2). Below
10 K, the decay of pESE is no longer exponential,
this is possibly due to low-frequency echo modu-
lation by 39K nuclei.

The turnover of relaxation behavior for OHC1

was also observed in K-19 glass at 190 K (the
temperature of the turnover depends on the spin
density of hole centers). The transformation of the
pESE spectra followed di�erent pattern from the
hole centers in K-3 glass (Fig. 6). In the K-19 glass,

the pESE spectra of hole centers obtained at
s � 0:2±0:3 ls did not change between 5 and 350
K. In the K-3 glass, these spectra underwent a
dramatic change between 40 and 100 K.

Apparently, both types of oxygen hole centers,
OHC1 and OHC2, were observed in the low-tem-
perature K-3 glass. At 300 K, the Tp time of OHC2

is shorter than the dead time of the spectrometer,
and its echo signal is missing in the pESE spectra.
At lower temperatures, the OHC2 relaxes less
rapidly, and the ESE spectra are both from the
OHC1 and OHC2. To demonstrate this, we studied
K-1.3 glass that yields cw EPR signal from just one
kind of hole center, OHC2 [70] (Fig. 7(a)). The
pESE signal was observed only below 175 K.

Fig. 6. Sets of ®eld-swept pESE spectra from K-19 glass ob-

tained for di�erent delay times s. The sample was irradiated at

300 K. The spectra were observed at temperatures indicated in

the ®gure at 9.07 GHz using 55 ns excitation lw pulse. The

repetition rate was 5 kHz. The spectra were normalized at

geff � 2:018. The delay times s were 0.45 ls (bold traces), 0.65,

0.85, 1.25 and 1.65 ls, 2.05 ls (b±d), 2.45 ls (c, d), and 2.85,

3.25 and 4.25 ls (d). The dashed traces correspond to the

maximum s time. At 300 K, the spin memory times Tp for spin

packets (i)±(iii) are 0.7, 0.73, and 0.76 ls, respectively; at 80 K ±

1.64, 1.25, and 1.54 ls, respectively.

Fig. 5. The sets of ®eld-swept pESE spectra from irradiated K-

3 glass obtained for di�erent delay times s. The spectra were

observed at the temperatures indicated, at 9.07 GHz using a 50

ns, 90° lw pulse. The repetition rate was 5 kHz (a, b), 1 kHz (c),

and 0.2 kHz (d, e) respectively. The spectra were normalized at

geff � 2:018. The delay times s were 0.25 ls (bold traces), 0.6, 1,

1.5, 2 and 2.5 ls (b±e), 3 ls (c±e), 3.5 ls (d, e) and 4.2 ls (e). The

dashed traces correspond to the maximum s time. The signal at

geff � 2 is from E0 center; in low-temperature pESE spectra this

signal saturates due to high repetition rate of the pulse se-

quence. The trends with increasing s are indicated with arrows.

At 14 K, the spin memory times Tp for spin packets (i)±(iii) are

1.5, 1.1, and 1.7 ls, respectively.

I.A. Shkrob et al. / Journal of Non-Crystalline Solids 262 (2000) 35±65 47



Between 5 and 175 K, the decay parameter b lin-
early increases with temperature: b (lsÿ1) � 0:95�
8:2� 10ÿ3 T (for geff � 2:01 signal). This increase
corresponds to a very low activation energy <10
meV. Under identical conditions (temperature and
spin density), the phase relaxation in OHC2 (in K-
1.3 glass) is 2±4 times faster than in OHC1 (in K-3
and K-19 glasses). More pronounced is the di�er-
ence in the spin±lattice relaxation times: At 65 K,
the Ts time for OHC2 in K-1.3 glass is 0.5 vs. 45 ls
for OHC1 in K-19 glass (for the spin packet at the
center of the pESE spectrum). Though the spin±
lattice relaxation in OHC2 is rapid, it is not fast
enough to explain homogeneous broadening of cw
EPR lines as suggested by Griscom [69]. Note that

the times Ts for OHC2 are within a factor of 0.5±2
from the Tp times at the same temperature. Equal
T1 and T2 times are typical for relaxation dy-
namics with short correlation time, e.g., spin±ro-
tation relaxation. It appears that a very fast,
activation-less dynamics is occurring in the OHC2.

Since between 100 and 450 K the relaxation
times for OHC2 are short, the evolution of ®eld-
swept pESE spectra observed in this temperature
range cannot be explained by the interference from
the OHC2. Rather, this evolution originates in the
peculiarities of T2 relaxation in OHC1.

Hole centers in 23Na glasses have shorter re-
laxation times than the centers in 39K glasses and
exhibit modulation of ESE envelope due to di-
pole±dipole interaction with magnetic 23Na nuclei
(ESEEM). Apart from the ESEEM, the relaxation
patterns for hole centers in K and Na silicate
glasses of the same composition are quite similar.
There is only one di�erence: in Na glasses the
turnover in the relaxation behavior for OHC1 was
observed at much lower temperatures than in K
glasses: 80±100 vs. 170±200 K. Whatever atomic
motion contributed to the T2 relaxation in OHC1,
it requires less thermal activation for smaller alkali
cations. The ®eld-swept pESE spectra of hole
centers in K and Na glasses are similar, but the
spectral envelope in Na glasses is broader, both for
OHC1 and OHC2 (Fig. 7(b)). Since with the echo
detection the homogeneous broadening is trans-
ferred to the time domain, Fig. 7(b) indicates that
in sodium glasses the fgig values are more disperse
than in potassium glasses. Spin relaxation has no
e�ect on the shape of cw and echo EPR spectra for
OHC1 and OHC2.

It is worth commenting that in some spectra
shown in Figs. 5±7, the geff � 2 signal from E0

centers is weak. This is due to long spin±lattice
relaxation time for this center at cryogenic tem-
peratures (below 10 K, Ts > 1 ms). Unless the
repetition rate of the pulse sequence is lower than
several Hz, the magnetization does not fully relax
between the excitation pulses causing saturation of
the EPR transition. Using low repetition rates re-
stores the ESE signal to full magnitude but
lengthens the acquisition. When low-rate sampling
is used, a strong signal from the E0 center was al-
ways observed, even in alkali-loaded glasses

Fig. 7. (a) Field-swept pESE spectra from K-1.3 glass irradi-

ated to 36 kGy at 77 K. The spectra were observed at tem-

peratures indicated in the ®gure using 30 ns excitation lw pulse.

The repetition rate was 1 kHz; the spectra were normalized at

geff � 2:018. The delay times s were 0.3, 0.4 and 0.8 ls (65 and

100 K) and 0.3, 1.3, and 2.3 ls (15 K). The signal marked with

an asterisk is from OHC2. (b) Comparison between the shapes

of pESE spectra from irradiated (i) Na-1.3 and (ii) Na-19

glasses (vide infra) and (iii) K-1.3 and (iv) K-3 glasses (vide

supra). The glass samples were irradiated at 77 K; pESE spectra

were observed at 65 K for s � 0:3 ls. The signals at geff � 2 are

from E0 centers.
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(x < 2) for which these centers were reported
missing [70].

4.3. Low temperatures (<30 K)

Below 30±40 K, the evolution of pESE spectra
in the time (s-) domain follows the pattern shown
in Figs. 5(e) and 6(d): the stronger echo signal
relaxes faster. In Fig. 2(b), the spectrum is super-
imposed with the ®eld dependence of the decay
parameter b of the primary echo for K-3 glass at
12.5 K. For geff > 2:02, these two curves closely
resemble each other. The same patterns were ob-
served for K-19 glass (where the echo signal is
from OHC1) and for K-1.3 glass (where the echo
signal is from OHC2).

This behavior can be explained using Eq. (2).
Since the lw pulse has ®nite duration tp, in a given
®eld B0 only spin packets that have resonance
®elds su�ciently close to the B0 ®eld
�jxÿ geffbeB0j < tÿ1

p � are excited by this pulse.
Thus, the spin density Ns in Eq. (2) is the con-
centration of spin centers for which jBres ÿ B0j is
<10ÿ4 T (the 90° pulse was 50 ns long). In the
absence of hyper®ne structure, the concentration
of spin centers with Bres � B0 is proportional to the
amplitude of the EPR signal at B0, which explains
the behavior shown in Fig. 2(b). The evolution of
pESE spectra in the time domain is due to instan-
taneous spin di�usion (driven by electron dipole±di-
pole interaction of nearby spin centers) under
selective lw excitation.

For geff < 2:02, the relaxation behavior cannot
be explained in this way. Close examination of the
low-®eld part of the pESE spectrum (Fig. 8(a),
trace (i)) shows that there is another resonance
signal (a shoulder extending down to geff � 2:1)
that overlaps with the resonance signal from the
hole centers. This signal is 50±200 times weaker
than the signal from the hole center. It is observed
in all of irradiated silica glasses below 60 K. The
Tp times for this center are comparable to those
for the hole centers, while its Ts times are 3±4 times
shorter. In some samples, the geff � 2±2.21 signal
overlapped with an equally weak resonance signal
from a center with geff between 2 and 2.6. The
broader EPR signal is from CuII impurity centers.
In glasses made with suprasil II, this center is ab-

sent, and the geff � 2±2.21 center can be observed
without interference.

The line shape of the geff � 2±2.21 signal and its
relaxation and annealing behavior are similar to
those for silicon peroxy radical in fused silica.
Both these signals are unobservable with ESE
above 60 K (unfrozen tumbling motion of the
peroxy group causes rapid T2 relaxation); their
relaxation times are similar. In alkali silicates, the
geff � 2±2.21 signal persisted after thermal an-
nealing at 600±650 K (Fig. 8(b)). From cw EPR
studies of Cases and Griscom [71], it is known that

Fig. 8. (a) Field-swept pESE spectra from irradiated K-3 glass.

The spectra were obtained at 14 K (i) and 100 K (ii), respec-

tively. Notice the log scale for echo signals. The `tail' between

g � 2 and g � 2:15 is from Si peroxy radicals. At 100 K, only

signals from the hole and E0 centers were observed. (b) pESE

spectra from Na-3 class doped with 0.6 wt% of CeIII. In this

glass, the yield of OHC decreases 15-fold, and the signal from

peroxy radicals is clearly discernible. Bold traces were obtained

at 12 K, dashed traces at 56 K; traces (i) are for the sample

irradiated to 2.3 MGy at 300 K, traces (ii) ± for the same sample

annealed at 600 K for 1 min. The traces were normalized at

geff � 2:01 (the echo signals from OHC at 56 K are 10 times

weaker than the signal from peroxy radicals at 12 K). An-

nealing at 600 K reduces the intensity of the pESE signals by an

order of magnitude and completely removes the signals from

OHC; the signal from peroxy/superoxide radical is still there.
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this treatment removes the signals from oxygen
hole and E0 centers leaving weaker EPR signals
from peroxy radicals. On the basis of these ob-
servations, we concluded that the geff � 2±2.21
signal is from silicon peroxy radical.

The radiolytic yield of peroxy radical remains
roughly the same when the glass is irradiated at
77 and 300 K. While doping of Na and K glasses
with CeIII removes most of the EPR signal from
the hole centers, it has little e�ect on the yield of
peroxy radicals (Fig. 8(b)); the same applies to
doping the glass with electron scavengers, such as
TiIV. Thus, the peroxy radical is neither the
electron nor the hole center. Its formation is not
thermally activated and is likely to proceed
through the decay of self-trapped excitons (re-
laxed L-centers?), as in fused silica. The dose
dependence of the EPR signal from the peroxy
radical parallels that for the E0 center and is
di�erent from that for oxygen hole centers. This
suggests that silicon peroxy and dangling bond
centers are formed in the same radiolytic
reaction.

4.4. Cesium glasses

Good-quality ESE data for cesium glasses (Cs-
3) can be obtained only below 60 K; at higher
temperature, the phase relaxation is too fast. The
ESE signal is spread over 15 mT (with geff between
1.96 and 2.06) and centered at geff � 2:01 (Fig.
9(a)). This broad signal overlaps with the signal
from E0 center and a weak signal from TiIII center.
Similar EPR signal in cesium glasses was observed
in Ref. [75]. A remarkable feature of this signal is
that there is no change of the ESEEM pattern
across its entire span (except for the small change
in the NMR frequency), cf. Fig. 9(b). This suggests
that the signal is from a single species. The spin±
lattice relaxation times for this center are ®eld-
dependent: for geff > 2:01; Ts � 0:16 ms, for
geff < 2:01 the Ts time systematically shortens with
geff . In the high-®eld wing, the relaxation times are
quite long: e.g., for geff � 1:98; Ts � 0:26 ms (12
K). This range of Ts times is typical for OHC1 (see
above). The same broad EPR line was observed
with cw EPR to 450 K; at higher temperatures the
hole center anneals. Doping the glass with CeIII

removes this signal from EPR spectra. These ob-
servations suggest that the broad EPR signal is
from the cesium variant of OHC1. Unlike the EPR
line for OHC1 in K glasses, this signal extends well
below ge. To a lesser degree, the EPR lines of
OHC1 in Li and Na glass also exhibit such exten-
sions. We repeat that this widening is a result of
inhomogeneous broadening. Apparently, all three
components of the g-tensor were perturbed by the
crystal ®eld of the cation. There is no special ar-
rangement for the O 2p orbital relative to the Alk±
NBO±Si plane.

Fig. 9. (a) Field-swept pESE spectra from Cs-3 glass irradiated

to 1 MGy at 300 K. The spectra were obtained at 12 K using 70

ns excitation pulse. The signal at geff � 2 is from E0 center; the

signal with geff between 1.95 and 2.1 is from OHC (a weak

signal from TiIII at geff � 1:97 from is swamped by this broad

signal). (b) Primary ESE kinetics for spin packets (i)±(iii)

marked in (a). The modulation is due to spin coupling to 133Cs

nuclei in the sample. Note how little the pattern changes be-

tween the ®eld positions. (b) Stimulated ESE kinetics for spin

packet (ii) (20 ns pulse, repetition rate 50 Hz) obtained for

optimum s � 0:28 ls �� 0:5mÿ1
I �. The `blind spot' at T � 2s is

shaded. Pay attention to the log scale for delay times T. The

initial part of the sESE kinetics (T < 20 ls) is shown separately

on the proportional timescale.
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The E0 center in cesium trisilicate glass has re-
laxation times and spin parameters that are closer
to those for E0c center in fused silica than to the E0

centers in K and Na glasses: Compare Tp of 1±2 ls
in K-3 and Na-3 glasses with Tp � 85 ls in Cs-3
glass (at 300 K). The ®eld-swept pESE spectrum of
the E0 centers in Cs-3 is indistinguishable from that
for E0c center in silica. There could be only one
conclusion: the E0 centers in Cs-3 glass are formed
in Si-rich domains. This glass is microscopically
phase-separated.

4.5. ESEEM in hole centers

While the spin centers in 39K silicate glasses
exhibit no echo modulation, the spin centers in
23Na, 133Cs, and 7Li glasses all demonstrate mod-
ulation by the alkali nuclei (Figs. 9±12). The
stimulated (s)ESEEM is easier to interpret since
the envelope is modulated at a single frequency.
Fig. 9(c) demonstrates sESE kinetics for OHC1 in
low-temperature Cs-3 glass; its Fourier transform
(FT) spectrum is shown in Fig. 10(a), trace (i).
These sESE kinetics were obtained for optimum
s � 1=2mI, where mI is at the NMR frequency of the
alkali nucleus. The sESEEM spectrum shown in
Fig. 10(a) consists of a single narrow line centered
at mI for 133Cs. There is no discernible quadrupolar
structure. The linewidth of the FT sESEEM signal
correlates with the quadrupolar moment of the
alkali nucleus: for OHC1 in Cs-3 and Na-3 glasses,
the line widths are 90 and 450 kHz fwhm, re-
spectively (cosine FT; Fig. 12, trace (i)).

Since the modulation pattern is simple and the
nuclei are weakly coupled, the average distance
between the nuclei and the spin center can be es-
timated from the modulation depth k [8]

k � 1ÿ Emin=Emax

� 16=5I�I � 1��gebe=B0�2�rÿ6; �3�

where I is the nuclear spin and �r is the average
distance to the weakly coupled nuclei,
�rÿ6 �Pj rÿ6

j . For Na-3 and Cs-3 glasses, the esti-
mates for �r are 0.32 and 0.42 nm, respectively.
These distances change little with the molar frac-
tion of alkali modi®er. For example, in Na-19
glass, the distance �r is only 5% longer than in Na-3

glass. This suggests that the contribution from the
nearest alkali cations is predominant. The dis-
tances �r determined from sESEEM correlate with
typical Alk±NBO distances elucidated from MD
analyses [13±21] and EXAFS and XANES studies
[10]. Interestingly, these distances better corre-
spond to the ®rst peaks in the Alk±Alk distribu-
tion than the ®rst peaks in the Alk±NBO
distribution. Either the alkali cation that com-
pensates NBO is missing in the hole center, or its
signal is missing from the sESEEM spectra.

For weakly coupled nuclei, the modulation ki-
netics of primary echo is given by Dikanov and
Tsvetkov [8]:

E�s� � 1ÿ k=8f3ÿ 4cos�xIs� � cos�2xIs�g; �4�
where k is given by Eq. (3), and xI � 2pmI. The
corresponding power FT spectrum consists of two

Fig. 10. (a) Power FT spectra for OHC in Cs-3 ((i) and (ii)) and

Li-3 (iii) glass at 12 and 20 K, respectively. Bold traces (ii) and

(iii) are primary ESEEM spectra, trace (i) is stimulated ESEEM

spectrum for s � 0:28 ls. The kinetics were obtained with 20 ns

excitation pulse. In primary ESEEM spectra, resonances at mI

and 2mI for 133Cs are indicated with symbols. The arrows indi-

cate the frequency scale for the corresponding traces. (b) Fitting

primary ESE kinetics for OHC in Li-3 (i) and Cs-3 (ii) glasses

using Eq. (5).
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components at mI and 2mI with the ratio f between
their amplitudes equal to 4:1. The FT spectra for
OHC1 in 133Cs, 7Li and OHC2 in 23Na glasses ex-
hibit the same oddity: the pESE kinetics are indeed
modulated at mI and 2mI, as expected for weakly
coupled nuclei, but the ratio f is between 0.2:1 and
2:1 (Figs. 10±13). This is not a result of some error:
in Na-1.3 glass, the TiIII center has pESEEM
spectrum that shows approximate 4:1 ratio be-
tween the components while the OHC2 has spec-
trum with 1.5:1 ratio between the same
components (Fig. 11(a)). The sESEEM spectra
from these centers did not indicate strong quad-
rupolar broadening (the width of the lines in pE-
SEEM spectra are limited by the length of the
sampling window determined by the Tp time).

We found that the pESE kinetics can be simu-
lated using a generalized form of Eq. (3)

E�s� � E0�s� 1f � A1 cos�xIs�exp � ÿ c1t�
ÿ A2 cos�2xIs�exp � ÿ c2t�g; �5�

where A1; A2 > 0 and E0�s� is the decay kinetics of
spin echo in the absence of modulation (which was
simulated with a stretched exponential or biexpo-
nential dependence). According to Eq. (5), the
ratio f of the mI and 2mI components in the power
FT spectrum is �A1=c2

1�:�A2=c2
2�. For 133Cs and 7Li

centers (traces (ii) and (i) in Fig. 11(b)), we let
c1 � c2 � 0 and obtained f of 1.1 and 0.3:1, re-
spectively. For TiIII and OHC2 in Na-1.3 glass, the
®tting procedure gave the A1:A2 ratio of 4.4:1 and
1:1 and c1:c2 ratio of 0.8:1 and 1.8:1, respectively
(Fig. 11(b)). For OHC1 in Na-3 and Na-19 glasses
(Figs. 12 and 13), good ®ts of pESE kinetics can be
obtained only when either the coe�cient A1 is
small or the line width c1 is several MHz. Indeed,
in the power FT ESEEM spectra of these centers,
the m � mI component is either reduced or spit into
two halves, depending on the sample temperature
(Fig. 12). This behavior will be examined in Sec-
tion 5.

Since the ESE signal from E0 centers overlaps
with the signal from hole centers, its modulation
pattern cannot be studied.

Fig. 11. (a) Power FT pESEEM spectra for TiIII center (i) and

OHC2 (ii) in Na-1.3 glass irradiated to 1 MGy at 300 K. The

ESE kinetics were obtained at 12 K. The pESE kinetics were

obtained with 20 ns lw excitation pulse. The resonances at mI

and 2mI for 23Na are indicated with symbols. (b) Fitting primary

ESE kinetics for OHC2 (i) and TiIII (ii) using Eq. (5).

Fig. 12. Stimulated (a) and primary (b) FT ESEEM spectra for

OHC1 in irradiated Na-3 glass. The stimulated ESE kinetics

were obtained at 12 K with s � 0:15 ls. Power FT (i) and co-

sine FT sESEEM spectra (ii) are shown in (a) with bold and

dashed lines, respectively (no apodization was used). Traces (b)

are FT pESEEM spectra obtained between 5 and 300 K. Note

the systematic increase in the FT pESEEM signal at m � mI (3.6±

3.7 MHz) relative to the signal at m � 2mI with the temperature.
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4.6. Continuous-wave ENDOR for OHC1

Since the X band ENDOR spectrometer oper-
ated at radio frequencies above 1 MHz, we were not
able to observe the ENDOR signals from 39K. The
lw pumping was carried out at the maximum of the
EPR signal, at g � 2:01. 133Cs and 7Li glasses both
showed an ENDOR signal at m � mI from weakly
coupled (matrix) alkali cations; only in 133Cs glasses
an additional broad signal at 3±4 MHz was ob-
served (Fig. 14). These ENDOR signals were very
weak; ca 1 h averaging was required to obtain sig-
nal-to-noise ratio of 10. No ENDOR from 23Na
glasses was observed. This is due to poor lw satu-
ration of hole centers in Na glasses and relatively
large quadrupole moment for 23Na nuclei.

The frequency of the 3±4 MHz signal in Cs-3
glass is close to 2mI (calculated mI � 1:87 MHz; the
narrow signal is at 1.65 MHz). This resonance
signal could be from a forbidden NMR transition.

However, the 3±4 MHz signal (at 15% of the m � mI

signal) seems to be too strong for a DM � �2
transition, and the quadrupole moment for 133Cs is
too low to account for the violation of selection
rules (see Fig. 10(a)). It is possible that the broad
ENDOR signal is from the �1=2! �3=2 transi-
tion in 133Cs with aiso � 3:8� 0:5 MHz
�m� jmI � aiso=2j�. The broadening of the ENDOR
line could be indicative of a wide distribution of
aiso. Using the atomic hyper®ne coupling constant
of 2.3 GHz [9], we estimate that the spin density on
the Cs 6s orbital would be �4±5� � 10ÿ2. The Q-
band (35 GHz) ENDOR spectrum of the same Cs-
3 sample exhibits a broad line centered at 13.6
MHz which corresponds to m � 2mI and a much
weaker m � mI line at 7 MHz. The comparison
between the X- and Q-band ENDOR spectra
suggests that the 3±4 MHz feature in Fig. 14 is
likely to be from the forbidden NMR transition.
There is no evidence for strongly coupled 133Cs
nuclei with well-de®ned aiso.

Fig. 14. X-band (i) and Q-band (ii) continuous-wave ENDOR

spectrum from OHC1 in Cs-3 glass. The narrow line at m � mI is

from weakly coupled 133Cs� cations; the broad line at 3±4 MHz

in trace (i) is either from strongly coupled 133Cs� cations or a

forbidden DM � �2 transition.

Fig. 13. (a) Primary ESE kinetics for OHC1 in Na-19 glass ir-

radiated to 10 kGy (traces (i)) and 1 MGy (traces (ii) and (iii))

at 300 K. The ESE kinetics were obtained at 40 K ((i) and (ii))

and 90 K (iii), respectively. Dots are experimental traces, lines ±

simulations obtained using Eq. (5). (b) Power FT spectra for

traces shown in Fig. 13(a).
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4.7. Peroxide/superoxide radicals

For peroxy/superoxide radicals in Na silicate
glasses, the spin echo envelopes are strongly
modulated by 23Na. Due to the small amplitude
of the echo signal and fast T2 relaxation in this
center, the FT analysis is not feasible. Neverthe-
less, it is clear that the peroxy/superoxide radicals
involve alkali cations more strongly than the hole
centers. For example, the geff � 2:01 signal in
trace (ii), Fig. 8(b) exhibits the modulation depth
k � 0:45, while for OHC1 in the same glass,
k � 0:2. The exact way in which 23Na nuclei are
coupled to the radical cannot be presently deter-
mined.

Cases and Griscom [71] found that annealing
at 580 K removes peroxy radicals leaving inter-
stitial O2áÿ anions. The latter species has axial g-
tensor with g? � 2 and gk around 2.14. Whether
before or after the annealing, such resonance
signal was not observed in ®eld-swept pESE
spectra, though there were small changes in the
broad line of peroxy radicals for geff > 2:06. It is
conceivable that the sensitivity of echo detection
is insu�cient to observe the geff � gk signal from
O2áÿ (this is possible if the T2 time at 4 K is
very short). Field-modulation cw EPR is more
sensitive to small changes in line shapes and al-
lows to detect centers with short T2 times.
Therefore, we tried to reproduce the result of
Cases and Griscom [71] using cw EPR. Though
considerable evolution in the wings of cw EPR
signal from peroxy radical was found, these
changes varied from glass to glass, from sample
to sample, and were di�erent for samples with
di�erent irradiation and thermal history. In no
instance did we observe the changes reported in
Ref. [71]. We have no explanation for this dis-
crepancy.

On the other hand, data on ESEEM and spin
relaxation in the peroxy/superoxide radical are
consistent with observations of Cases and Gris-
com [71]. Annealing at 580 K twice reduces the
Tp time for this radical. At the same time, the
modulation depth k of the ESEEM increases
from 0.35 to 0.45 indicating stronger coupling to
23Na cations (in Na2O � 3SiO2 glass). Faster O±O
tumbling and stronger coupling to alkali cations

is expected for an interstitial anion. However, the
same changes can be explained by thermally ac-
tivated migration of alkali cations. The cation
may couple to the terminal oxygen of Si peroxy
radical, weakening the Si±O bond and making the
tumbling of the O±O fragment faster. Precisely
that was revealed in our simulations.

We believe that the `silicon peroxy radical' is,
actually, a class of ¹SiOOáAlk� defects with
variable Si±O and O±Alk separations. The exis-
tence of such an ensemble explains remarkable
variability of cw EPR spectra with the thermal
history of the sample. Whether or not the inter-
stitial O2áÿ is formed in irradiated alkali silicate
glass, its generation requires high-temperature
annealing.

4.8. OHC in `wet' silica

It has been speculated that OHC in `wet' silica
is an OHC1-like defect I in which the alkali cation
is replaced with a proton [68]. Since both H and D
nuclei are magnetic, we tried to observe ESEEM
from oxygen hole centers in OH and OD `wet'
silica (Suprasil II). The H/D exchange was carried
out as described in Ref. [102]. Since the concen-
tration of siloxyl groups is �0.1 wt% the modu-
lation of spin echo by `distant' OH groups is
negligible.

We found no modulation of spin echo envelope
from OHC by H and D nuclei. It appears that the
OHC in `wet' silica is not (even weakly!) coupled
to a hydroxyl proton. The only other possibility is
that this proton is coupled very strongly (aiso > 0:5
mT), but not strongly enough for the hyper®ne
structure to be resolved by cw EPR. This is very
unlikely, since the modulation pattern was also
lacking in the OD-substituted silica. It appears
that the OHC in `wet' silica does not involve a
nearby siloxyl group. Our unexpected result sug-
gests that an ENDOR study must be carried out to
verify this conclusion.

4.9. Electron centers

Intrinsic spin-1/2 electron centers were sought
for using pulsed and cw EPR. K and Na silicate
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glasses were irradiated at 77 K using 3 MeV elec-
trons or 30±120 mJ pulses from an excimer laser
operating at 248 or 308 nm. Some glasses were
ionized with 308 nm laser pulses at 4 K, in situ.
Electrons were injected by laser excitation of ca-
tions in photochromic glasses (such as CeIII doped
glass). In all these experiments, no intrinsic electron
centers were observed by EPR.

Next we tried to observe these centers with
pulsed ODMR in the 9 GHz band. At 10±300 K,
the Boltzmann polarization is small, and ODMR
can be observed only from spin-correlated elec-
tron±hole pairs. Initially, these pairs have singlet
correlation; later they become triplet correlated
due to faster recombination of singlet pairs [60].
ODMR critically depends on the rates of T1 and
T2 relaxation in the pair: if the spin relaxation is
fast, the spin correlation is destroyed faster than
generated, and the ODMR is not observed.

The electron±hole pairs were generated using a
5-to-50 ns pulse of 3 MeV electrons. The photo-
luminescence (PL) of the L-centers in Na2O � 3SiO2

glass was observed at 3.5 eV. Three time-resolved
ODMR experiments were carried out: (i) a short
0.02±4 ls, 0.5 kW microwave pulse was applied
10ÿ8±10ÿ5 s after the electron beam pulse and the
PL was detected right after this excitation lw pulse
[103]; (ii) a long (10±100 ls) 1 mW pulse was ap-
plied for every second electron beam pulse and a
lock-in ampli®er was used to observe lw-induced
change in the PL on the millisecond timescale; (iii)
the electron beam was run continuously, the 1 mW
microwave pulse turned on and o� for half-period
(10±500 ls), and the lock-in ampli®er used to de-
tect variation in the PL [104]. No ODMR was
found in all three of these experiments.

We conclude that above 10 K, electron centers
are either diamagnetic or have very short T2 times
(<10ÿ8 s). 2

5. Discussion

5.1. Asymmetric T2 relaxation in OHC1

Phase relaxation observed for OHC1 in K and
Na silicate glasses (above 170 and 80 K, respec-
tively) is strongly asymmetric: phase memory times
for centers with geff < g2 are longer than for cen-
ters with geff > g2. For centers whose resonance
®elds Bres are in the low-®eld wing of the EPR
spectrum, Tp times are independent of geff .

For OHC1 in K-5 glass, the cw EPR spectrum
was accounted for in terms of a radical with g-
tensor whose principal fgkg values are distributed
according to Eq. (1) [68]. The only reasonable
source of asymmetric T2 relaxation is the pertur-
bation of the g-tensor by a low-amplitude atomic
motion. Indeed, other sources of phase relaxation
do not account for the observed features: Dipolar
relaxation results in a di�erent relaxation pattern
(cf. Fig. 2(a) and (b)). 39K nuclei have too small
dipole and quadrupole moments to cause spin re-
laxation in the studied temperature range.

Asymmetric T2 relaxation due to modulation of
g-tensor through orbital perturbation was previ-
ously studied for radicals in organic glasses [105].
Consider a spin center with a molecular-frame g-
tensor fgig � �gxx; gyy ; gzz�, and let X � �h;/� be
the Euler angles. For Dgi � ge,

geff�X� � g1 sin2hcos2/� g2 sin2h sin2/� g3 cos2h:

�6�
The T2 time for the corresponding spin packet is
given by

Tÿ1
2 �X� � 1=4x2schfgeff�X� ÿ hgeff�X�ig2i; �7�

where sc is the correlation time of the tumbling
motion and h�i means averaging over non-spin
variables. Griscom [68] found that the distribution
of fgig values for OHC1 in K glasses can be ex-
plained through a distribution of a single param-
eter, the orbital energy D (Eq. (1)). Let us ®rst
assume that gk varies through the variation in D, so
that gk ÿ hgki � hgk ÿ geidD=D. In this case, com-
bining Eqs. (6) and (7) we obtain

2 Our results do not contradict the ODMR study of Baker

et al. [60]. These workers continuously pumped lw transitions

for a pair with large Boltzmann polarization. Thus, even the

species with short relaxation times were detected. This ap-

proach cannot be implemented for prompt PL at higher
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Tÿ1
2 �X� / hfdD=Dg2ihgeff�X� ÿ gei2: �8�

According to Eq. (8), Tÿ1
2 increases as |geff ) ge|

2.
A systematic increase of Tp with |geff ) ge| was in-
deed observed for OHC1 (Fig. 2(a)). However, Eq.
(8) does not explain why the Tp times were inde-
pendent of geff for resonances with geff � g3. Ap-
parently, the orbital perturbation of the g-tensor
cannot be reduced to changes in D. Let us assume
that only one component of the g-tensor varies, g3.
Then

Tÿ1
2 �h� / hfg3 ÿ hg3ig2icos4h: �9�

Formula (9) indicates that the fastest T2 relax-
ation will occur for resonances with h � 90°, i.e.,
geff � g3. As the angle h departs from 90°, the
decrease in Tÿ1

2 is steep. At the centroids of g1

and g2 resonances (h � 0°) the T2 relaxation is
slow. Since the fgkg values are distributed over a
wide range, for a given resonance ®eld Bres many
centers with di�erent Euler angles X contribute to
the EPR signal, and the observed T2 time is a
dynamic average over this set. These X sets can
be found using distributions for fgkg given by
Griscom [68]. Analysis of these sets for di�erent
geff indicates that in the low-®eld wing of the
EPR spectrum, 70-to-100% of the resonance sig-
nal is from spin centers with h � 80±90°. This is
understandable: in the low-®eld wing, there are
fewer centers for which h� 90° and g3 > geff .
For this reason, the rate of the T2 relaxation
varies little over the high-geff region where most
centers have h � 90°. Our calculations suggest
that in order to con®ne the T2 relaxation to the
low-h region, the orbital perturbation of the g-
tensor must be con®ned to the z-axis of the mo-
lecular frame.

We conclude that the observed behavior may be
explained through perturbation of the gzz compo-
nent by a low-amplitude fast atomic motion. Since
the z-axis is the direction of the Si±NBO bond and
the temperature at which the motion is activated
correlates with alkali cation size, it is reasonable to
assume that the g-tensor is modulated by rocking
motion of the cation in the immediate vicinity of
the OHC1. This motion modulates the crystal ®eld

of the cation at the spin center, perturbing its g-
tensor.

5.2. ESEEM

Why is the f ratio for TiIII center equals the
theoretical value of 4:1 whereas for hole centers it
is considerably lower? The obvious di�erence
between the oxygen hole center and the TiIII

center is their coupling to alkali cations. While
the hole center may or may not be strongly
coupled to alkali cations, the TiIII center is a
trigonally distorted, octahedrally coordinated ca-
tion shielded from the alkali cations by ligand
oxygens [57,58]. Kordas [82] has studied pESE
kinetics for OHC1 in Li-10 glass and obtained a
modulation pattern very similar to that shown in
Fig. 10(b) for OHC1 in Li-3 glass. This pattern
was simulated using Eq. (5) for weakly coupled
nuclei (the kinetics were averaged over NMR
frequencies that had Gaussian distribution cen-
tered at mI). It is simple to demonstrate (see
Chapter 6, part IV in Ref. [8]) that as a result of
such averaging, the ratio f is even greater than
4:1 since it predicts c2 � 2c1 (Eq. (5)). Therefore,
it is not surprising that the quality of the ®t in
Ref. [82] was poor.

We have made numerous calculations of
ESEEM kinetics in order to determine how such
factors as quadrupolar coupling and space distri-
bution of spin-3/2 nuclei can reduce the 4:1 ratio.
We also studied how partial excitation of the
spectrum with ®nite-duration lw pulse may
change this ratio. We found that none of these
factors can account for the observed ESEEM
pattern.

Recently, Kordas and co-workers [83] revisited
the same system and studied OHC1 in Li glass
using a 2D pulsed EPR spectroscopy and found
a subset of Li nuclei that were strongly coupled
to OHC1 with isotropic hyper®ne coupling con-
stant aiso � 0:5 MHz and T? � 4 MHz (in the
point dipole approximation, T? � gebegIbI r

ÿ3,
where r is the electron±nuclear distance). We
have tried to simulate our pESEEM kinetics us-
ing these values for aiso and T?, but the ®t was
still poor.

56 I.A. Shkrob et al. / Journal of Non-Crystalline Solids 262 (2000) 35±65



The FT pESEEM spectra with reduced f have
been observed in other ESEEM studies [8]. The
reduction was explained trough a wide distribu-
tion of aiso for strongly coupled nuclei. For non-
zero aiso, each m � mI resonance signal in the FT
spectrum is split into two signals (ma and mb) with
jma ÿ mbj � aiso. At the same time, the amplitude
2mI is not changed since ma � mb � 2mI. If aiso are
distributed over some range, the ma;b lines would
sum up to give a structureless broad signal that
would be ®ltered out by the FT procedure.
Then, the signal at m � mI would come mainly
from weakly coupled distant nuclei for which
aiso � 0.

This picture qualitatively explains the ob-
served features: (i) the prominence of weakly
coupled nuclei in sESEEM, (ii) the reduced ratio
f between the mI and 2mI components in the FT
pESEEM spectra from Cs and Li silicate glasses,
(iii) considerable broadening and overlap of the
mI and 2mI signals for Na silicate glasses (see
below). Furthermore, this picture is consistent
with the HYSCORE results of Kordas and co-
workers [83,84]: it is conceivable, that in a subset
of hole centers with non-zero aiso, some cross-
peaks in the HYSCORE spectra are particularly
well resolved.

Unfortunately, our model is di�cult to im-
plement numerically, as one needs to know how
aiso varies as a function of r. The following ap-
proach was used: The isotropic hyper®ne con-
stant was varied as a0

iso exp�ÿa�r ÿ rm��, where
a � 0:2 nmÿ1 and rm is the minimum Alk±OHC
approach. The Alk±NBO distribution q�r� given
by MD calculations in Refs. [13±18] was used
for r, and the ESEEM patterns were weighted by
r2q�r�. We assumed that the angular distribution
of cations was random. Using a0

iso � 10±30 MHz,
we obtained FT pESEEM spectra that much
resembled the experimental ones. These simula-
tions showed that the deviation from the 4:1
ratio is stronger for stronger coupled alkali nu-
clei. This suggests that in OHC2, where f is close
to 2:1, the alkali nuclei are less coupled to the
spin center than in OHC1, for which f varies
from 0.5:1 to 1:1.

In Na-3 glasses, the pESEEM spectra are
temperature-dependent. At low temperature, the

mI line is split in two components separated by
2±3 MHz (corresponding to aiso � 1±1.5 MHz);
as the temperature increases, the ma and mb sub-
components collapse into a single line at m � mI

(with f approaching 1:1 at 300 K). The same 1:1
spectrum can be observed, with better resolution,
in Na-19 glass irradiated to a lower dose (Fig.
13(b)). When the dose is increased, the pESEEM
spectra look like those in Na-3 (Fig. 12, (ii)).
Apparently, in Na glasses there is a subset of
hole centers that are coupled to a 23Na cation
with aiso of 1±1.5 MHz (Astrakas and Kordas
gave the estimate of aiso � 1� 0:1 MHz and
quadrupolecoupling constant of 1� 0:4 MHz
[84]). As the temperature increases, the nucleus
starts to swing and aiso averages out to lower
values. Remarkably, the onset for the m � mI line
is at 80±100 K, the same temperature at which
the T2 relaxation in Na-3 becomes asymmetric
(see above). The correlation between these two
changes suggests that the motion activated at
higher temperatures is that of a neighboring alkali
nucleus.

5.3. Modeling the centers

The radiation-induced centers were modeled
using semi-empirical MNDO (or MNDO/d) and
ab initio UHF/STO-3G methods (programs
from the SPARTAN package). Since MNDO
supports no alkali nuclei other than Li, only
lithium centers were modeled in this work.
Following the usual protocol (e.g., Refs.
[106,107]), some BOs were replaced with hy-
drogen-terminated NBOs to reduce the cluster
size. Since Li� is fourfold coordinated in lithium
silicate glasses [10], in some MNDO calculations
three H2O molecules were arranged around the
cation in such a way this cation was at the
center of a tetrahedral complex. If not stated
otherwise, the numbers given below refer to the
MNDO calculations.

5.4. OHC1

Three types of ¹SiOá structures were used to
model OHC1: �HO�3SiOá (V), �HO�3SiOá Li� (VI)
and f�OH�3SiOg3SiOá Li�(OH2)3 (VII).
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Structure V is a cation-stripped variant of the
OHC1, and its electronic structure agrees well with
the model given by Griscom [68]: the spin density
is mainly on NBO 2p orbital, with small spin
density on silicon. Structure VI is a hole on the
NBO±Li� unit; its ground state corresponds to
the precursor of OHC1 and the L-center. In the
precursor, the O±Li bond is ionic (the charge on
NBO and Li is ÿ1:28 and �0:74, respectively;
r(NBO±Li)� 0.167 nm and r(NBO±Si)� 0.165
nm). After geometry optimization, both the
MNDO and ab initio calculations yield the Si±
NBO±Li angle close to 180° (this angle reduces to
108° in an analogous Na� center). When the water
cage for Li� is included to simulate the e�ect of
BOs (VII), the Si0±NBO±Li angle changes to 170°,
the charge on Li reduces to +0.51, r(NBO±Li) in-
creases to 0.185 nm, while r�H2O±Li� � 0:22 nm.
These bond lengths compare well with the maxima
in the O±Li distribution obtained in MD simula-
tions. It seems, however, that MNDO overesti-
mates the ionic character of the O±Li bond. The ab
initio calculation gives lower charges on NBO and
Li in structures V and VI (ÿ1:1 and +0.55, re-
spectively, r(Li±NBO)� 0.17 nm). No signi®cant
changes between the structures with C3v symmetry
and C1 symmetry was found.

Upon ionization of the neutral species, almost
all the spin density resides at the NBO. A geometry

optimization yields clusters with elongated Li±
NBO and Si±NBO bonds. In structures VI and
VII, the Li±NBO bond elongates to 0.20 and 0.21
nm, respectively, while the Si±NBO bond elon-
gates to 0.172 nm. Without the water cage, the
charge on Li increases to +0.94 and the charge on
NBO decreases to ÿ0:6; the spin density on Li is
6� 10ÿ3 and the spin density on Si is 0.042. In VII,
the charge on Li cation reduces to +0.41 since the
positive charge is shared by the BOs, and the spin
density on Li increases to 0.012. Both the spin
density and the Li±NBO distance for VII are close
to the ones determined by Kordas and co-workers
[83]. We were, however, unable to reproduce the
Si±NBO±Li angle of 120° reported by these
workers. The error may lie with the experiment
rather than our calculations, since HYSCORE is
not very sensitive to the angular distribution of
nuclei.

For OHC1 in K glasses, gxx component of the g-
tensor is narrowly distributed around ge suggesting
that the crystal ®eld has planar symmetry. Gris-
com [68] accounted for this observation assuming
that the O 2p orbital is perpendicular to the Si±
NBO±Alk plane. In other alkali silicate glasses (in
particular, Cs silicate glasses), there is a consider-
able extension of the EPR spectrum to lower geff .
This suggests that the planar symmetry of the
crystal ®eld is broken. To study this e�ect, we
performed an ab initio calculation for neutral
(HO)3SiOAlk species, optimized their geometry,
and determined the angle between the NBO 2p
orbital in the HOMO and the Si±NBO±Alk plane.
For Li� and Rb�, these angles are 90° and 20°,
respectively: When the alkali cation is large, its
interaction with BOs reduces the Alk±NBO±Si
angle. For Li� and Rb�, the Alk±NBO separations
are 0.147 and 255 nm and the Alk±NBO±Si angles
are 180° and 86°, respectively. It is this Alk±NBO±
Si bending that causes `rotation' of the O 2p or-
bital.

Overall, our simulations are consistent with
Griscom's vision of a ¹SiOá radical coupled to a
nearby alkali cation [68]. It seems that this cation
does not belong to a neighboring NBO (this dis-
tinction disappears if the cation is `loosely' bound
to this NBO) and its crystal ®eld is not symmetric
in the general case. The calculations suggest that
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the observed NBO±Alk separation and the spin
density on Alk� can be reproduced in a model
where the cation does not leave the trapping site.
Even without the stabilizing e�ect of the BOs, the
NBO±Alk bond elongates rather than dissociates;
when the cation interacts with several BOs this
trend only increases. Such a picture naturally ac-
counts for the formation of L-centers upon elec-
tron tunneling to OHC1, which the model with a
migrating cation leaves unexplained. Furthermore,
low-amplitude swinging motion of the cation in a
cage accounts for the observed asymmetric T2 re-
laxation and temperature-dependent ESEEM
spectra for OHC1 in Na silicate glasses.

5.5. L-center

With this insight in the structure of OHC1, one
can make a better guess about the nature of the
luminescence center. Trukhin et al. [32±38] sug-
gested that the L-center is a triplet ¹SiOá áAlk
species; Brekhovskikh and Tyul'kin [47] ± that the
excitation resides on SiO4 units.

The MNDO calculation for the lowest triplet
state of (HO)3SiOLi supports Trukhin's structure:
In the optimum geometry, the NBO±Li bond is
even more elongated than in the hole center (0.212
vs. 0.2 nm), the charge on Li and NBO are ÿ0:2
and ÿ0:24, respectively, while the spin density on
these atoms is unity (as determined by Mulliken
population analysis). However, the energy of this
triplet state is too high, ca. 4.5 eV above the
ground state as compared to the experimental
3.4 eV.

When the BOs were included, a di�erent struc-
ture with much lower energy, ca. 3.7 eV above the
ground state, was obtained. In this triplet center,
the Li±NBO bond was still elongated, ca. 0.195
nm, but the charge on Li was +0.58 and the spin
density on this atom was negligible. The Si0±NBO
bond was elongated to 0.182 nm (from 0.16 nm)
and the charges on NBO and Si0 atoms were ÿ0:77
and +1.64, respectively (cf. ÿ1:15 and +2.2 in the
ground state). Mulliken population analysis gave
the spin densities of 1.22 on NBO and 0.56 on Si0

atom. In terms of orbital structure, this center re-
sembles the self-trapped triplet exciton in silica
[93]. For example, similar MNDO calculation for

the lowest triplet state of Si(OH)4 yields a distorted
tetrahedron in which a single Si±O bond is elon-
gated to 0.19 nm with spin densities 1.16 and 0.7
and charges ÿ0:43 and +1.63 on O and Si atoms,
respectively.

We believe that the original model of the
L-center proposed by Brekhovskikh and Tyul'kin
is preferable to the biradical structure introduced
by Trukhin et al. The L-center is more correctly
viewed as an exciton trapped on the Q3 species than
a ¹SiOá áAlk biradical. The former structure nat-
urally accounts for the formation of E0 and peroxy
radicals in alkali silicate glasses (in full analogy to
dissociation of triplet excitons in fused silica [93])
and is more consistent with the observed energet-
ics. Since the alkali cation is strongly involved in
this center, various data pointing to such an in-
volvement (e.g., [36,37,51,52]) ®nd their logical
explanation. Actually, the Alk±NBO distance is
longer in the biradical!

5.6. OHC2

Modeling of OHC2 is a challenging problem,
and our simulations should be viewed with cau-
tion. Following Cases and Griscom [70] and
Griscom [68], we ®rst assumed that in this center
the electron spin and negative charge are shared
between two equivalent NBOs on the same SiO4

tetrahedron. The simplest species of this type is a
hole trapped on the �HO�2Si�Oÿ�2 (VIII).

There are two possibilities: (i) the spin is shared
between the two equivalent NBOs (C2v symmetry,
VIIIa) and (ii) the spin is centered on one NBO
and the charge on another (Cs or C1 symmetry,
VIIIb). Our MNDO and ab initio calculations in-
dicate that the C1 structure is 0.5±0.6 eV lower in
energy than the C2v structure. When the symmetry
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is reduced from C2v to Cs, the optimization pro-
cedure still converges to two non-equivalent NBOs.
In VIIIa, r(Si±O) is 0.162 nm and the charge on
NBO is ÿ0:93. In VIIIb, the spin is centered on
one NBO (charge ÿ0:63; r�Si±O1� � 0:17 nm)
while the negative charge is mainly on the second
NBO (charge ÿ1:23; r�Si±O2� � 0:156 nm).

This behavior can be accounted for by orbital
symmetry analysis: The C2v center VIIIa is a Jahn±
Teller-active structure whose perturbation reduces
the orbital energy. We have examined several
larger models that included alkali cations and
(HO)3Si-terminated BOs, but the result was the
same: equal sharing of spin and charge between
the NBOs is energetically unfavorable. In fact, the
involvement of alkali cations and side groups
raises the barrier, since the Q2 unit is more per-
turbed. The same result was obtained for holes
trapped on Q1 species.

Thus, for the two NBOs be magnetically equiv-
alent, the geometry of the trapping site must be
di�erent from that of a SiO4 unit. The only other
possibility is to postulate a rapid exchange be-
tween two conformers of the asymmetrically dis-
torted OHC1-like center

�10�
that causes dynamic averaging of magnetic pa-
rameters. We remind the reader that in an analo-
gous spin center in pure silica, type-II self-trapped
hole center (STH2) [108], two BOs are magneti-
cally equivalent due to rapid tunneling of the
electron between two degenerate sites. Dynamic
averaging for distorted tetrahedral �GeO4�ÿ and
�FeO4�ÿ hole centers was observed in crystalline a-
quartz (see, e.g., Refs. [109,110]).

It is easy to see that a thermally activated ex-
change (10) is inconsistent with EPR data. Such a
reaction would require overcoming a barrier of
�0.5 eV; it would halt at cryogenic temperatures.
The EPR spectrum from the OHC2 does not
change from 4 to 300 K. At elevated temperatures,
the activated reaction (10) should be faster, mak-

ing the g-tensor more symmetric. Instead, a re-
versible OHC2 ! OHC1 transformation was
observed [68]. Thus, the only viable mechanism is
rapid tunneling between two degenerate sites. How
compatible is this mechanism with the data on spin
relaxation and ESEEM in OHC2?

The spin relaxation rate is given by
Tÿ1

2 � 1=4x2sexhDg : Dgi, where Dg � gÿ hgi and
h i means averaging over the sites and sex is the
exchange time. Estimating hDg : Dgi1=2

as
�0:5±1� � 10ÿ2 ( the average gxx ) gyy for OHC1) we
®nd that to obtain observable T2 of 0.3±1 ls at 4±
180 K, the exchange time sex should be 1-to-50 ps.
This short time is reasonable for a tunneling re-
action. The tunneling also explains low activation
energy for Tÿ1

p �/ sex� in the OHC1, <10 meV.
Furthermore, since xsc � 1; T1 � T2 ± in full
agreement with the experiment.

23Na ESEEM data further support the pro-
posed structure for OHC2 by indicating weaker
coupling to Na� cation in this center relative to
OHC1. The transformation of OHC2 to an OHC1-
like center at elevated temperatures can be ex-
plained by thermally activated migration of alkali
cation and its binding to one of the NBOs. Cou-
lombic interaction with the cation locks the hole
center in one of conformations. This mechanism is
similar to that proposed by Griscom [68].

The alternative of the dynamic averaging is a
planar geometry for the OHC2. Such a situation is
possible when the hole is trapped on a ±SiOÿ2
group (IX) yielding a neutral ±SiO2á species. We
modeled these hole centers using structures X and
XI.

In X, the OH group either resides in the O±Si±O
plane (C0s) or perpendicular to this plane (C00s ). In
the C00s center, the charge on two equivalent NBOs
is ÿ0:68 and Si±NBO bond is 0.158 nm. The spin
density is equally divided between two O 2p orbi-
tals (0.72), but there is a considerable spin density
on the Si 3p orbital (ÿ0:4). In the C0s center, the
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charges on NBOs are ÿ0:5 and ÿ0:97, and the Si±
NBO separations are 0.166 and 0.151 nm, respec-
tively. The spin resides on the O 2p orbital of a
more positively charged NBO; the spin density on
the Si 3s orbital is close to that in V. The energy of
the C00s conformer is 0.17 eV higher than that of the
C0s conformer: The equal sharing of negative
charge between the NBOs is energetically favor-
able, as it results in lesser elongation of the Si±O
bonds and smaller steric hindrance for the OH
group.

Where would X absorb? Using molecular or-
bital energies, we estimated that V would absorb at
1.8 eV, the C0s variant of X ± at 1.66 eV and the C00s
variant ± at 0.8 eV. Although these estimates are
crude, the absorption of the C0s center is clearly
red-shifted as compared to the C00s center. Same
trends were observed for a larger structure XI, for
which two geometries were considered, a sym-
metric (Cs) and asymmetric (C1). Again, the bro-
ken-symmetry species had spin and absorbance
parameters close to those of the ¹SiOá centers,
while the symmetric species was ca. 0.1±0.15 eV
lower in energy and absorbed at longer wave-
lengths.

These results suggest that a network-bound
±SiOá radical is a reasonable candidate for OHC2.
This structure explains the symmetry of the g-
tensor, equal sharing of spin between two NBOs,
absorption properties, and conversion of OHC2 to
an OHC1-like center at high temperature (through
thermally activated asymmetric distortion). The
planar structure accounts for the stability of the
symmetric center towards Jahn±Teller distortion.
Fast spin relaxation in the OHC2 can be explained
through low-amplitude tumbling of the ±SiO2á
rotor or rapid exchange between the conformers.

There is, however, a problem: In X, the spin
density on the Si 3s orbital is 2±3 times higher than
in V. Cases and Griscom [70,71] reported that in
the OHC2, the hfcc on 29Si is ca. 1.5 mT which is
comparable to 1.4 mT found for OHC1 (K silicate
glasses). Since it is likely that the symmetry is
somewhat broken in the glass network (the energy
gap between the symmetric and asymmetric states
is narrow), the observed hyper®ne structure is
likely to be a result dynamic averaging between the
conformers. Thus, the discrepancy between the

expected and observed coupling constants on 29Si
does not mean that the proposed structure is in-
correct.

The real challenge is explaining how the pre-
cursor of the OHC2, the ±SiOÿ2 Alk� defect, is
formed. There are no analogous defect centers in
crystalline silicates. It seems that the only way to
produce this defect is via disproportionation of Qn

units. In contrast, tetrahedral center VIII has a
readily identi®able precursor, a cation-stripped Q2

species.
In conclusion, there are two possible ways to

account for the observed EPR features of the
OHC2. One possibility is rapid tunneling reaction
(6) between two degenerate sites of an OHC1-like
defect VIIIb with rate of �0:2±10� � 1011 sÿ1 over a
barrier of ca. 0.5 eV. The second possibility is a
planar ±SiO2á unit. Further experimentation is
needed to make the choice between these two
models.

5.7. E 0 center

As was shown in Ref. [71], in this dangling bond
center the spin density on Si is�5% less than that in
the E0c center fused silica. Cases and Griscom sug-
gested that the reduction is by transfer of the spin
density to a neighboring alkali cation. Calculations
for �HO�3SiáLi� and �H2SiO�3SiáLi� structures
(with C1, C3v, or Cs symmetries) suggest that the
lithium cation is strongly repulsed by the dangling
bond and has no discernible e�ect on the spin
density on silicon. Attachment of Li� to the NBO
on a neighboring SiO4 tetrahedron does not help
either, since the structural distortions needed to
keep Li� su�ciently close to the dangling bond is
too costly energetically. However, when one of the
BO is substituted with a NBO±Alk complex, as in
the �HO�2�Li�Oÿ�Siá radical, the reduction in the
spin density occurs, by approximately the same
factor as in the experiment. This is a subtle e�ect.
In the optimized geometry, the O±Si±O angles and
Si±O bonds do not change signi®cantly, except for
the Si±NBO bond which is ca. 3±5% longer than
the Si±BO bond. In this species, the Si±Alk sepa-
ration is �0.3 nm. Assuming that the Si±NBO±Alk
angle for K� and Na� is close to 108°, we estimate
that the shortest Si±Alk separation would be
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0.31±0.32 nm. Therefore, in agreement with the
experiment, such a center should exhibit weak
perturbation of the g-tensor by the crystal ®eld of
the cation. Our calculations suggest that the E0

center in alkali silicate glasses is a Si dangling bond
on a pyramidal SiO3 unit with one NBO.

5.8. Silicon peroxy radical

Since little is known about the extended struc-
ture of this radical, our simulations are explor-
atory. The peroxy radical in silica was modeled
as a �HO�3Si±O0±O00á radical. In the optimized
geometry, the Si±O0±O00 angle is 120°, r�Si±O0� �
0:173 nm and r�O0±O00� � 0:12 nm. The electro-
static charges and spin densities on O00 �O0� are
ÿ0:16 �ÿ0:47� and 0.76 (0.25); the spin density is
on the O 2p orbitals. These spin densities agree
well with the data on 17O satellite structure for Si
peroxy radical in fused silica [111]. When Li� is
added to the center, it binds to the O00 atom, with
Li±O00 separation of 0.21 nm and Li±O00±O0 angle
of 120°. In this complex, the charge and spin
density on O00 increase to ÿ0:26 and 0.38, respec-
tively, and the charge and spin density on O0 de-
crease to ÿ0:37 and 0.64, respectively; the Si±O0

bond elongates to 0.178 nm. These changes are
smaller in the complex where Li� is coordinated to
the BOs. For example, the spin densities on O00 and
O0 are 0.7 and 0.3, respectively. We found that in
all these complexes the spin density on Si was ca.
ÿ0:01 (of which ÿ3� 10ÿ3 was on the Si 3s or-
bital), and did not signi®cantly change when the
cation was involved. This Si 3s density compares
well with �2±2:5� � 10ÿ3 found for peroxy radicals
in silica [111] and alkali silicate glasses [71]. Thus,
coupling of alkali cation to Si peroxy radical re-
sults in small changes in hfcc parameters. Since
such a coupling is suggested by the ESEEM data,
it is preferable to view the peroxy radical as a
¹SiOOáAlk�OÿSi¹ complex.

It is instructive to compare the �HO�3SiO2áLi�

complex and the `interstitial O2áÿ anion' modeled
as the áO00±O0ÿLi� radical. A linear geometry with
r�O0±O00� � 0:12 nm and r�O0±Li� � 0:174 nm was
obtained for the latter; the spin densities on oxy-
gens were 0.71 (O00) and 0.29 (O0). These densities
are similar to those in alkali-coupled Si peroxy

radicals. It is possible that these two radicals
cannot be easily separated by EPR at 4±20 K,
when their tumbling motion is arrested. At higher
temperature, rapid dynamic averaging in the O2áÿ

would make the oxygens magnetically equivalent
and its g-tensor axially symmetric [71].

An intriguing question is, why only silicon
peroxide radicals are present in irradiated silica
while both such radicals and interstitial O2áÿ an-
ions [71] occur in the alkali silicate glasses? This
must be due to high basicity of the alkali silicates.
Since only O2áÿ anions occur in the K silicate
glasses above 580 K [71] these anions are more
stable than the ¹SiOOá radicals. Our ESE results
indicate that only bonded radicals are present in
the glass irradiated at 77 K. Therefore, we suggest
that in basic glasses the peroxy radical is thermally
unstable and yields O2áÿ upon the activation of the
alkali cation migration (in analogy to reaction (11)
in basic aqueous solution [112])

HO2á� HOÿ ! O2á
ÿ �H2O �pKa � 4:5� �11�

¹SiOOá� ¹SiOÿAlk�

!¹SiOSi¹ �O2á
ÿAlk� �12�

Using ab initio calculations we estimated that re-
action (12) is exothermic by 0.07 eV (for OH-ter-
minated species and Alk¸Li). Thermal activation
is needed to dissociate the OÿAlk� bond. The ef-
®ciency of reaction (12) should increase with the
optical basicity of the silicate glass. Interstitial O2

is formed in recombination of superoxide anions
with passing holes. Alternatively, it is the product
of reactions initiated by the formation of a hole
center in the vicinity of the peroxy/superoxide
radical

¹SiOá� áOOSi¹!¹SiOOOSi¹ or O2

�¹SiOSi¹ �13�

¹SiOá�Alk�O2á
ÿ !¹SiOÿ3 Alk� �14�

¹SiOOOSi¹ �¹SiOÿAlk�

!¹SiOÿ3 Alk� �¹SiOSi¹ �15�

¹SiOÿ3 Alk� !¹SiOÿAlk� �O2: �16�
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Reactions (13)±(16) are analogous to the forma-
tion/decay reactions of H2O3 and HOÿ3 in basic
water (see Section VI.E.4 in Ref. [112]).

6. Conclusion

Pulsed EPR and cw ENDOR of O- and Si-
centered radicals in Li, Na, K and Cs silicate
glasses was studied. The structure of these spin
centers was simulated using semi-empirical and ab
initio methods. Several structural and mechanistic
insights were obtained.

For OHC1, it was found that the Alk±NBO
complex does not dissociate upon trapping the
hole. The alkali cation remains coupled to the
center and undergoes low-amplitude swinging
motion inside the cage. This motion is activated at
�80 K in sodium and �170 K in potassium
glasses. It causes asymmetric T2 relaxation and
temperature-dependent ESEEM. A Q3 unit is a
likely precursor for the OHC1. These hole centers
are uniformly distributed in homogeneous alkali-
loaded silicate glasses and selectively trapped in
Na-rich islands in microscopically phase-separated
alkali-de®cient glasses. It appears that the OHC1

in alkali silicates is not fully analogous to OHC
centers in `wet' silica.

For OHC2, it is concluded that rapid T1 and T2

relaxation in this center is caused by rapid tun-
neling of electron between two degenerate OHC1-
like conformers. The alkali cation is not coupled to
this center as strongly as in OHC1. A likely pre-
cursor of this hole center is a ¸SiO2ÿ

2 unit. Al-
ternatively, this center may be a hole on a planar
±SiOÿ2 unit.

For E0 center, it is found that the alkali cation is
not coupled to the dangling bond. This center is
present in all silicate glasses. In phase-separated
glasses, it is formed mainly in the Si-rich phase.
Our work demonstrates that glass morphology
may be studied by measurement of spin relaxation
times of radiation-induced defects.

For peroxy/superoxide radicals, it is found that
these species are neither hole nor electron centers;
the radiolytic yield of these radicals is temperature-
independent. It is speculated that the species are
formed by dissociation of self-trapped excitons. L-

centers are identi®ed as such species, with spin
density residing on a distorted Q3 unit perturbed
by the crystal ®eld of the alkali cation. The peroxy/
superoxide radicals are strongly coupled to the
alkali modi®er cations. We speculate that the su-
peroxide anions are formed from the peroxy rad-
icals via thermally activated reaction (12).

We found that the `concentration vs. dose' de-
pendences for hole centers were di�erent from
those of the silicon E0 and peroxy/superoxide
radicals. For the hole centers, the growth of the
concentration is much steeper, and saturates at
�1±5� � 1018 cmÿ3. For E0 and peroxy/superoxide
radicals no saturation was observed up to 5 MGy.
The similarity in dose dependences for E0 and
peroxy/superoxide radicals suggests that these two
centers are formed in the same radiolytic reaction.

No intrinsic spin-1/2 electron centers were
found in cw EPR and pulsed EPR and ODMR
spectra of alkali silicate glasses. Either the elec-
trons are trapped by traces of metal impurity (FeII,
TiIV) or the intrinsic electron centers are diamag-
netic.
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