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g-ray-induced bleaching in silica: Conversion from optical to paramagnetic defects

S. Agnello, R. Boscaino, M. Cannas, F. M. Gelardi, and M. Leone
INFM and Department of Physical and Astronomical Sciences of the University of Palermo, via Archirafi 36, 90123 Palermo,

~Received 10 June 1999; revised manuscript received 29 September 1999!

We report experimental results on optical and ESR measurements performed ing-irradiated natural silica
samples having different content of OH groups. A partial bleaching of the optical absorption bandB2b at 5.15
eV and the related photoluminescence emissions at 3.1 eV and 4.2 eV is observed together with the growth of
an ESR doublet split by 11.8 mT. The kinetics of the two processes as a function of theg dose are correlated
and depend on the OH content. Our experiments indicate the occurrence of ag-ray-induced conversion, from
optically active centers to paramagnetic ones and vice versa, changing the relative concentration of the two
defects until a steady state is reached. A conversion model is proposed in whichg-ray-activated H atoms either
are trapped in optically active defects, giving rise to paramagnetic ones, or interact with the last ones, restoring
the original optical centers. Our results are consistent with a structural model in which the optical active center
is a twofold coordinated Ge and the 11.8 mT doublet originates from a OvGe–uH center.
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I. INTRODUCTION

The origin of theB-type activity in natural silica, optica
absorption~OA! at 5.15 eV (B2b band!, and the related emis
sions at 4.26 eV (aE band! and 3.15 eV (b band!,1 is still
matter of debate in the field of point defects in SiO2, in spite
of many experimental and theoretical studies reported in
literature from about four decades.2 Some authors suggeste
that the defect responsible for this activity is an intrins
oxygen deficient center~ODC! consisting in a twofold coor-
dinated Si (OvSi–•),3,4 where the symbol (v) indicates the
bonds of Si with two O atoms and~the double overdots!
indicate two paired electrons in the same orbital. Altern
tively, on the basis of the observation of an intense abso
tion at ;5.1 eV in Ge doped silica, theB2b band was as-
cribed to a Ge-related ODC.5–9 In particular, under the
hypothesis that the Ge is substitutional to Si, structural m
els directly related to Ge, as the twofold coordinated5 Ge
(OvGe–•) or Ge-related oxygen vacancies, have be
proposed.6,7 Other authors, ascribing an indirect role to G
impurities, have suggested that theB activity arises from a
silicon based ODC perturbed by a neighboring Ge atom.8,9

Actually, the consideration of only the optical activity
not sufficient to identify the structure of the defect. At va
ance, valuable information on the structure both of the ac
center and of its neighborhood can be obtained by elec
spin resonance~ESR! spectroscopy, provided the parama
netic nature of the defect. Moreover, correlation between
tical and ESR signals shows evidence of conversion me
nisms involving the corresponding point defects. In th
respect, the bleaching of the OA in the spectral reg
around 5 eV and the simultaneous generation of ESR sig
associated with Ge-related paramagnetic centers were
served in Ge-doped silica irradiated with UV light.7,10–17The
conversion mechanisms proposed to explain th
findings7,10–12,14,15support the direct role of substitutional G
in the ODC defect creating theB activity, but they do not
PRB 610163-1829/2000/61~3!/1946~6!/$15.00
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allow univocal determination of its structural model.
Recently, in a preliminary report18 we found that the par-

tial bleaching of the B activity, observed in a large numb
of natural silica types after exposure to a low dose ofg rays,
is correlated to the growth of an ESR doublet with a split
11.8 mT. In particular, as the observed structure can be
cribed to the hyperfine interaction of an electronic spinS
51/2 with a hydrogen nucleus,19,20 we tentatively hypoth-
esized that H atoms, activated byg rays, induced a conver
sion between the optically active center and the param
netic one. In this paper, we investigate theg-ray-induced
bleaching of the B activity and the growth of the 11.8 m
doublet in natural silica samples having different OH co
tent, aiming to clarify the effective role played by H atoms
the conversion mechanism.

II. SAMPLES AND METHODS

Optical and ESR measurements were performed at ro
temperature in four representative natural silica samples,
fore and after exposure tog rays: two natural dry~type I!,21

Infrasil 301 ~I301! and Silica EQ~EQ906!, with nominal
content of hydroxyl groups of 10–20 part per million~ppm!
by weight (;1018 centers/cm3); and two natural wet~type
II !,21 Herasil 1 ~H1! and Homosil~HM!, with nominal OH
content of 150 ppm (;1019 centers/cm3).

The concentration of OH was verified by measuring t
intensity of the absorption band at 3600 cm21 ~due to the
OH stretching!. Other impurities with concentration of few
ppm are also present in our samples; in particular, the no
nal content of Ge atoms is<1 ppm.

The materials I301, H1, and HM were supplied by He
aeus Quartzglas22 while EQ906 was supplied by Quartz an
Silice.23 The samples have dimensions 53531 mm3 with
the large surfaces optically polished.

The g irradiation was performed at room temperature u
ing a 60Co source. Doses ranging from 531024 to 1 Mrad
1946 ©2000 The American Physical Society
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~Si! were progressively accumulated in the same sampl
each silica type.

OA measurements in the range 4.0–6.0 eV were car
out by a JASCO V-570 double beam spectrometer. Ste
state photoluminescence~PL! spectra in the spectral regio
2.5–5.0 eV under excitation by 5.0 eV light were inves
gated by a JASCO PF-770 spectrofluorometer, mountin
xenon lamp of 150 W and corrected for the energy dep
dence of the detection system. ESR spectra were detecte
a Bruker EMX spectrometer at 9.8 GHz (X band! with mi-
crowave powerP53.2 mW and a modulation field havin
amplitudeBm50.4 mT and frequency of 100 kHz. The co
centration of paramagnetic centers that create the 11.8
doublet was evaluated by comparing the double-integra
ESR spectra with that ofE8 centers,24 whose absolute den
sity was determined by spin-echo measurements, carried
at T54.2 K, using the instantaneous diffusion method.25

III. RESULTS

The effect ofg irradiation on the UV absorption of natu
ral silica is shown in Fig. 1~a! as observed in our sample H1
The unirradiated sample exhibits a well-pronounced b
B2b centered at 5.15 eV, whose intensity decreases on
creasing the accumulatedg dose. The bleaching effect i
evident in Fig. 1~b! where we report the difference betwee
the spectra before and after each irradiation. As shown,
absorption coefficient at 5.15 eV decreases of;0.2 cm21

after a dose of 431022 Mrad. The decrease of theB2b band

FIG. 1. ~a! UV absorption spectra as detected in H1 samp
dashed curve, unirradiated; solid curves, irradiated withg doses of
331023, 1022, and 431022 Mrad. ~b! Difference absorption
spectra before and afterg irradiation with doses of 3
31023, 1022, and 431022 Mrad.
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was observed in all the investigated samples, with a r
depending on the silica type. In particular, while the H
sample exhibited the same behavior as H1, the bleach
effect occurred at higherg doses in dry samples I301 an
EQ906.

The exposure tog rays causes as well the growth of a
OA band at 5.8 eV, associated withE8 centers,26 that par-
tially superimposes to theB2b band. This circumstance
makes unreliable the quantitative measurement of this ba
so that the study of theB-activity bleaching is more conve
niently carried out by detecting the PL emissionsaE andb.
In fact, due to the low absorption at;5.1 eV, the emission
intensities are proportional to the intensity of theB2b band
and therefore to the concentration of optically active cente

In Fig. 2 we report the PL spectra, excited at 5.0 eV,
the samples~a! I301 and~b! HM, before and after variousg
doses. The intensity of the two emissions centered at;3.1
eV (b) and;4.2 eV (aE) is maximum in the unirradiated
samples~dashed curves! and it is partially reduced on in
creasing theg dose. We observe that the decrease of th
PL bands is effective up to an accumulated dose depen
on the silica type:;1021 Mrad for sample I301 and;1022

Mrad for HM. At higher doses, the PL intensity remain
constant, thus indicating the end of the bleaching proc

:

FIG. 2. Photoluminescence spectra excited at 5.0 eV in~a! I301
and ~b! HM samples. Dashed curves are the spectra detecte
unirradiated samples; solid curves are the spectra detected
variousg doses increasing up to 231021 and 231022 Mrad for
I301 and HM, respectively.
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Analogous effects were observed in samples EQ906 and
exhibiting the same dose kinetics of the samples I301
HM, respectively.

The different behavior of the silica type I~I301, EQ906!
and type II ~H1, HM! is further pointed out by the ESR
measurements. In Fig. 3, ESR spectra detected in~a! I301
and ~b! HM, after variousg doses, are shown. For bot
samples, we observed a doublet with a split of 11.8
around the resonance line ofE8 center, which is strongly
distorted by the high microwave power. In HM sample, t
11.8 mT doublet is detectable, in the limit of our experime
tal sensitivity, after a dose of 531024 Mrad. On increasing
theg dose, its intensity grows and reaches a saturation v
at ;1022 Mrad. At variance, in I301 a minimum dose o
;1022 Mrad is required to observe the doublet, whose
tensity saturates after a dose of;1021 Mrad.

In Fig. 4 we compare the kinetics of bleaching of theb
band and of growth of the 11.8 mT doublet for~a! I301 and
~b! HM. In the I301 sample, the PL intensity decreases a
the doublet signal grows until both reach a constant va
after;231021 Mrad. In HM, the same correlated behavi
of PL and ESR signals is observed but the constant valu
reached after;1022 Mrad, an order of magnitude less tha
that for I301. For the samples EQ906 and H1 we obser
similar behaviors as I301 and HM, respectively. We note t
the saturated concentration of paramagnetic centers fo
investigated samples is estimated to be 1015–
1016 centers/cm3.

FIG. 3. ESR spectra detected in~a! I301 and~b! HM samples
irradiated at differentg doses, increasing up to 231021 and 1022

Mrad, respectively.
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IV. DISCUSSION

The correlation of the variation of the OA at 5.15 eV an
the two PL emissions at 3.15 and 4.26 eV with the growth
the 11.8 mT doublet signal, already shown in Ref. 18,
confirmed by the extended data reported here. Such a co
lation leads one to interpret the bleaching effect in terms o
conversion mechanism, activated byg rays, from an opti-
cally active center responsible for the B activity to a pa
magnetic one originating the 11.8 mT doublet. As the E
signal originates from the hyperfine interaction between
electron spin and a H nucleus,19,20 H atoms are expected t
play a crucial role in this conversion process.

Our experimental results point out two main features.
~a! The bleaching of the opticalB activity is only partial

in all the investigated samples, as the luminescence inten
decreases from the initial value~before irradiation! by a fac-
tor ranging from 2 to 3~see insets in Fig. 4!.

~b! The conversion rate depends on the OH content of
silica samples, as for type II silica~H1, HM! the conversion
is completed within;1022 Mrad whereas for type I~I301,
EQ906! it occurs more slowly and stops at;1021 Mrad.

The partial bleaching effect of theB activity indicates that
a back-conversion occurs from ESR toB optically active

FIG. 4. Kinetics of the 11.8 mT doublet as a function of theg
dose, detected in~a! I301 and ~b! HM samples. The solid lines
result from a fit of Eqs.~5! to the experimental data. In the insets
both figures we report the intensity of the photoluminescenceb
band~3.15 eV! as a function of theg dose, normalized to the valu
obtained in the unirradiated sample.
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centers, which counteracts the conversion until equilibri
is reached, according to the following reaction scheme:

NOPT
→
kc

←
kbc

NESR, ~1!

whereNOPT (NESR) is the concentration ofB-active ~ESR-
active! centers, andkc (kbc) is the rate of theg-induced
conversion~back-conversion! process.

To take into account the observed dependence on the
content~Fig. 4!, we assume that the H atoms involved in t
above process are generated by ag-activated breaking of
O—H bonds. A simple law connecting the incremental nu
ber of g-activated H atoms to the incrementalg dosedD is

dNH5~NOH2NH!PgdD, ~2!

whereNOH andNH are the concentrations of OH groups a
H atoms, respectively, andPg is the H generation probability
per unitary dose. Assuming that all the H atoms genera
are involved in the reaction~1! and on the basis of the mea
sured concentration of paramagnetic centers (1015–
1016 centers/cm3), we infer thatNH is much less thanNOH,
by two orders of magnitude, at least. So, Eq.~2! can be
rewritten as

dNH>NOHPgdD. ~3!

On the basis of Eq.~3! and under the condition
NOPT(D)1NESR(D)5const5NOPT(0), the rate equations
for NOPT andNESR can be written as

dNOPT

dD
52

dNESR

dD
>PgNOH~2k1NOPT1k2NESR!, ~4!

where k1 and k2 are the probabilities of conversion of a
optical center and of a paramagnetic one, respectively.
solutions of Eq.~4! are given by

NOPT~D !5NOPT~0!
1

k11k2
~k21k1e2Pg(k11k2)NOHD!,

~5!

NESR~D !5NOPT~0!
k1

k11k2
~12e2Pg(k11k2)NOHD!.

The solutions ~5! fit the process ~1!, provided kc
5Pgk1 NOH andkbc5Pgk2NOH and agree with our experi
mental results in the following respects.

~i! The bleaching of the optical activity and the growth
the paramagnetic ones occur with the same dose rate,
portional to the OH content.

~ii ! The saturated value ofNOPT(`) is reduced by a facto
k2 /(k11k2) with respect to its initial valueNOPT(0). As a
consequence, the experimental values of this ratio~from 0.3
to 0.5! indicate that the conversion and the back-convers
processes have probabilities of the same order of magnit
k1'(1 –2)k2.

~iii ! The high-dose saturated value ofNESR is proportional
to the initial valueNOPT(0) ~see Fig. 5 of Ref. 18! and is
independent of OH content.
H
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d

e
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Additionally, the points~ii ! and ~iii ! allow us to estimate
the concentration of the defects responsible for theB activity
to be within the range 531015–1016 cm23 and to determine
roughly that the absorption cross section at 5.15 eV~peak
energy of the B2b band! lies in the range 5310217–
10216 cm2.

Finally, we report in Table I the parameters obtained b
best-fit procedure of Eqs.~5! to the experimental curves o
the ESR intensity as a function of theg dose~Fig. 4!, for the
investigated samples. The quantitative analysis makes
dent the strict correlation between the rate of the convers
process and the OH content in the samples; on the o
hand, the number of converted centers does not depen
the OH concentration, rather it is proportional to the conc
tration of theB-active defects in our samples beforeg irra-
diation.

We discuss now the possible structure of diamagnetic
paramagnetic centers and the conversion mechanisms a
on them. The paramagnetic one is commonly identified19,20

as the structure (OvGe–uH) known as H~II ! center, where
the 11.8 mT doublet originates from the hyperfine interact
between the unpaired electron and the H nuclear spin. S
the H~II ! saturated concentration does not depend on the
content, it is reasonable that the precursorB-active center is
OH free. Moreover, as the rate of creation of H~II ! centers
depends on OH content, we can assume that theg rays break
OH groups and the activated H atoms react with the opt
centers. These evidences support the hypothesis that the
tically active center is a twofold coordinated5 Ge
(OvGe–•) and theg-induced reaction is

~6!

We recall that to ascribe the opticalB activity to a twofold
coordinated Ge is consistent with recentab initio theoretical
calculations.27,28

As regards the back-conversion process from H~II ! to the
twofold coordinated Ge, sincekbc is of the same order o
magnitude askc and both parameters are related to the O
concentration, we infer that free H atoms produced byg rays
are involved as well in the process in which the break o
Ge—H bond in the H~II ! defect occurs and the twofold co
ordinated Ge structure is restored. In this scheme, the c
version and back-conversion processes reach a statio
state, when the concentrations of diamagnetic and param

TABLE I. Sample list: absorption coefficienta at 5.15 eV (B2b

band!, OH content and best-fit parameters of 11.8 mT kinetics w
the functionI ESR5a(12e2bD) whereD is the accumulatedg-ray
dose andI ESR is the intensity of the hyperfine structure.

Sample
a at

5.15 eV @OH# a b
name (cm21) ~ppm by weight! ~arb. units! (Mrad21)

I301 0.4660.02 10 0.01660.001 2461
EQ906 0.3960.02 20 0.01260.001 3061
H1 0.4160.02 150 0.01160.001 280610
HM 0.3660.02 150 0.01260.001 220610



fr
et
d

no

lt

d
e
re
y

-

it

th

o
n
i

th
o

rg
n

tio
in
ti
e
th
ffe
e
o

a-
H

ch-

of

at
of
d it
n

he
-

ara-
on-
h a

e

he

E.
ty

by
o-

1950 PRB 61AGNELLO, BOSCAINO, CANNAS, GELARDI, AND LEONE
netic centers are of the same order of magnitude and the
H atom has equal probability to be trapped in a diamagn
defect or to interact with a H~II ! center, detaching the bonde
H atom and, probably, forming H2 molecules. According to
this mechanism, both optical and ESR intensities do
change for ag doseD@(kc1kbc)

21, as experimentally ob-
served.

A final remark concerns the comparison of our resu
with the previously reported data7,10–17 on the bleaching of
the OA bandB2b induced by UV irradiation in Ge-dope
silica. In those samples, it was observed that the decreas
the absorption at 5.15 eV induced by UV photons is cor
lated to the growth of ESR signals. In particular, it was h
pothesized a different conversion mechanism, in which
twofold coordinated Ge (OvGe–•) originates two paramag
netic centers, the positively charged (OvGe–)1 and the
(GeO4)2, via an electron transfer.12,14

In the conditions considered in the present paper, the s
ation appears to be different. In fact, theg-ray-induced
bleaching of the OA at 5.15 eV is related only to the grow
of the ESR doublet at 11.8 mT and no signal ascribable
the above Ge-related paramagnetic centers could be
served. The absence of these defects in our samples ca
explained by considering the different Ge concentration
Ge-doped silica of Refs. 12 and 14 and in ours. In fact,
process proposed in Refs. 12 and 14 implies a corresp
dence of each twofold coordinated Ge with a relatively la
number of substitutional fourfold-coordinated Ge. This co
dition can be easily fulfilled in samples where the ra
GeO2 /SiO2 reaches a few percent but it is not expected
our samples, where the estimated concentration of B-ac
defects (OvGe–•) is of the same order of the nominal G
concentration, namely, less than 1 ppm. We conclude
the conversion mechanism proposed here is the most e
tive in natural silica but our results do not rule out that oth
processes can be effective in heavily Ge-doped silica. In
an
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opinion the interplay between different bleaching mech
nisms is controlled by the content of Ge impurities and O
groups.

V. CONCLUSION

The results here reported show thatg rays induce two
correlated effects in natural silica samples: the partial blea
ing of the optical B activity~OA bandB2b at 5.15 eV and PL
emissions at 3.15 eV and 4.26 eV! and the simultaneous
growth of an ESR doublet split by 11.8 mT. The kinetics
the two processes as a function of theg dose strongly de-
pends on the silica type: in type I~OH content;10 ppm!
they tend to saturate at;1021 Mrad, whereas in type II~OH
content;150 ppm! they have a faster rate and saturate
doses>1022 Mrad. At variance, the saturated intensity
the 11.8 mT doublet does not depend on the silica type an
is well correlated to the initial intensity of the absorptio
bandB2b . These experimental findings clearly indicate t
occurrence of g-ray-induced conversion and back
conversion processes from optically active centers to p
magnetic ones whose rates are proportional to the OH c
tent. Our results can be explained using a model in whic
free H atom, produced byg-rays via the breaking of a O—H
bond, either is trapped in a twofold coordinated G
(OvGe–•)giving rise to the H~II ! center (OvGe–uH) or
reacts with the latter, restoring the original structure of t
optical center.
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