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Radiation-induced defects in CoO- and NiO-doped fluoride,
phosphate, silicate and borosilicate glasses

Doris Moncke and Doris Ehrt
Otto-Schott-Institut fir Glaschemie, Friedrich-Schiller-Universitat Jena, Jena (Germany)

The influence of cobalt and nickel on the formation of irradiation-induced defects was studied in fluoride, phosphate, silicate and
borosilicate glasses. Sample plates of high-purity glasses, undoped and doped with 0.3 mol% CoO and NiO, respectively, were
irradiated with UV lamps and with X-rays. The subsequent defect centers, formed at ppm levels, were characterized by EPR and
optical UV-VIS spectroscopy.

X-ray irradiation caused stronger solarization (excitation of inner electrons) than UV lamp irradiation (selective excitation of
valence electrons). More defects were formed in doped than in undoped glasses, generally stronger for Co>*- than for Ni**-doped
glasses and especially strong in glasses of high optical basicity where Co?>* and Ni*>* were tetrahedrally coordinated. Co>* was
photooxidized to (Co?>*)™ in all glasses, replacing some of the intrinsic hole centers (HC), with (Co?")™ in tetrahedral coordination:
charge transfer band <400 nm, and (Co**)" in octahedral coordination: two bands between 300 and 450 nm. Ni’* was photo-
oxidized in the (boro-)silicate glasses, which all had a higher basicity, but was photoreduced in the fluoride-phosphate glasses of
low basicity. Photoreduced (Ni**)~ was found in the phosphate glass of medium basicity only after X-ray irradiation. The photo-
ionized nickel species also displayed distinct EPR signals, with (Ni**)*: several bands from 700 to 200 nm, g=2.10; and (Ni**)":

330 nm, g;=2.08 and g,=2.26.

1. Introduction

Radiation-induced defects in glasses require high atten-
tion due to the intensified applications of stronger lamps
and lasers, working at increasingly shorter wavelengths.
Solarization describes the effect of decreased trans-
mission in the UV and VIS range due to color centers
generated by irradiation. These color centers, or defects,
evolve in ppm concentrations when the irradiation is suf-
ficient to ionize the glass. The defects can be divided into
negatively charged electron centers (EC) and corre-
sponding positively charged hole centers (HC) [1].

Cobalt- and nickel-doped glasses are used as optical
filters. They show high transmission from 250 to 400 nm
and a strong absorption between 450 and 700 nm. Co-
balt and nickel are polyvalent as well as polycoordinated
ions. These ions are rarely seen in glasses in any other
oxidation state than +2. In this state, the coordination
is either tetrahedral (Ty) or octahedral (Oy) depending
strongly upon the glass matrix. The differently coordi-
nated ions show distinctive spectra and therefore differ-
ent colors, leading to their use as structure indicators [2].
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The optical basicity (A4) of the glass is a measure of
the electron donor power of the glass matrix [3 to 5]. It
is proportional to the electron density on the oxide
(—2) and can be correlated to the coordination of the
Co?* and Ni** ions [6]. In more acidic glasses, the ions
show ionic-bonded octahedral coordination while cova-
lent-bonded tetrahedral coordination prevails in high-
basicity glasses.

The kinetics of formation and recovery of induced
defects in fluoride-phosphate (FP) and phosphate
glasses irradiated with lamps and lasers have been inten-
sively studied [7 to 9]. The numerous induced intrinsic
defects were characterized by EPR (electron paramag-
netic resonance) and optical spectroscopy. Studies on the
intrinsic defects in silicate glasses concentrated on pure
quartz glass and included only few borates. Some review
articles that can be found are stated in [10 and 11].

Solarization by different radiation sources has al-
ready been studied in several CoO- and NiO-doped
model glasses discussed separately in previous papers [12
to 15]. The model glasses studied range from the acidic
fluoride-phosphates FP4 and FP20, over the strontium
metaphosphate P100 and the borosilicate NBS2 of me-
dium basicity, to the high-basicity borosilicate and sili-
cate glasses NBS1 and NCS (table 1). Based on the for-
mer investigations on intrinsic defect formation and the
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Table 1. Composition (in mol%) and characteristics of the model glasses studied

NCS NBS1 NBS2 P100 FP20 FP4
74 SiO, 74 SiO, 74 Si0, 100 Sr(PO;), 20 Sr(PO3), 4 Sr(POs),
10 CaO 10 B,0O; 21 B,0; AlF;, AlF;,
16 Na,O 16 Na,O 4 Na,O 30 MgF,, 96 MgF,,
1 A1203 SrFQ, Sng,
CaF, CaF,
Ay 0.57 0.53 0.48 0.46 0.38 0.35
App ? 0.47 0.45 0.34
YFe in ppm 3 5 5 8 10 10
Fe3* in ppm 5 6 6
T, in°C 530 550 440 510 490 440
e 1.52 1.51 1.47 1.56 1.50 1.43
¢ in glem? 2.49 2.45 2.18 3.15 3.51 3.46
coordination Ty Ty (0)% (028 Oy, (028
soler C(_) blue blue violet violet violet violet
Ni brown violet violet yellow-green amber amber
solarization very strong very strong less pronounced  less pronounced less pronounced less pronounced

) Theoretical optical basicity according to Duffy [3 and 4].

2) Optical basicity values experimentally determined via the Pb?>* indicator ion as found by Seeber [5].
' NiO and CoO were doped in concentrations of 0.3 mol%, respectively.

already published results on solarization in CoO- and
NiO-doped glasses, this paper will characterize the ex-
trinsic defects found and will discuss their occurrence for
the different model glasses.

2. Experimental procedures

The (boro-)silicate glasses were melted in batches of
250 g in platinum crucibles in an electric furnace at
1450°C for 3 h and quenched in water before they were
remelted at 1450°C for another 2 h (1650°C were used
for NBS2). 100 g batches of the FP glasses were melted
in platinum crucibles in an electric furnace at 1000°C
and 100 g batches of the phosphate glasses at 1350°C
using SiO, crucibles. The glasses were all cooled in
graphite molds from 550°C to room temperature with a
cooling rate of about 30 K/h.

Alkaline-rich cesium-barium-silicate glasses (CBS50:
50 Si0O», 40 Cs,0, 10 mol% BaO) were also prepared for
comparison of the optical spectra. These glasses of very
high optical basicity contained Co** and Ni** and were
melted in SiO, crucibles at 1300°C for 1 h in batches of
30 g. As these glasses are highly hygroscopic, 1 to 3 mm
thick polished sample plates were embedded between
two polished quartz plates with the sides sealed with sili-
con to protect the glasses from the atmosphere.

All model glasses were melted as undoped base
glasses, and doped with 0.3 mol% CoO and NiO, respec-
tively, as well as with 0.15 mol% CoO and NiO simul-
taneously. The reagents Si0,, CaCO;, H;BO;, AI(OH);,
Na,COs, Sr(PO5),, AlF;, SrF», CaF,, MgF,, Ba(NO;),
and Cs,COj; of high purity were used for melting so that
the iron content of the glasses could be kept as low as 5
to 10 ppm.

Polished plates with the dimensions (10 X 20 X
2) mm? were irradiated with lamps and 1 mm thick
samples were also irradiated with X-rays (table 2). The
1 kW HgXe lamp works in a sun simulator from Oriel
Instruments, Stratford, CT (USA) and continuously
emits a wide spectrum from the UV to the NIR. The
spectral power density of this lamp is about 1500 W/m?
between 230 to 280 nm. The samples were placed at a
10 cm distance from the radiation source and irradiated
for up to 100 h to ensure that defect formation reached
the saturation level. The HOK lamp, applied at
SCHOTT Glas, Mainz (Germany), is a high-pressure
mercury lamp with a similar spectral power density.
However, due to its greater emission spectrum, which
covers also the range up to 180 nm, stronger defects can
be expected, as most of the solarization damage is
caused by the high-energy radiation of shorter wave-
lengths. For X-ray irradiation, the sample plates were
subjected to a copper-cathode radiation of 10kW
(50 kV, 200 mA) at a distance of 80 cm. In this case ir-
radiation lasted only 16 h.

UV-VIS-NIR spectra were used to characterize the
glasses and to observe the irradiation-induced defects. A
double-beam spectrophotometer (UV-3102 PC, Shi-
madzu, Tokyo (Japan)) was employed, recording the ex-
tinction E = lg(ly/I) with an error <1 %. The internal
extinction was later standardized to a nominal path
length (d) of 1 cm. The induced extinction (AE/d), or
change of optical density caused by the irradiation, is
used to describe the defects. EPR spectroscopy was used
as a second, independent analytical method. For com-
parison the glasses were also analyzed with the addition
of the spin standard dpph (1.1-diphenyl-2-piterylhy-
droxyl). All spectra displayed within one series were
taken from samples of the same dimension and as such
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Table 2. Irradiation sources

irradiation source irradiation spectral performance irradiation time in h
XeHg lamp continuous UV-NIR I: 1500 W/m? for 230 to 280 nm 100

HOK lamp continuous UV-NIR I: 1500 W/m? for 190 to 280 nm 100

X-ray Cu cathode 10 kW (50 kV, 200 mA) 16

Note: I = spectral power density.

could be standardized. The EPR spectrometer used
(ESP 300 E, Bruker, Karlsruhe (Germany)) worked with
a frequency band of v = 9.78 GHz. The resolved Gaus-
sian bands of the induced optical spectra were correlated
with defect centers detected by EPR and optical spectra
of thermal recovery measurements. Band separation of
the diverse spectra was accomplished on the computer
with customary auxiliary software.

Information for band separation and the assignment
of the bands and EPR signals was based on literature
data and additional experiments. Many intrinsic defects
have already been characterized in some detail, es-
pecially in FP and phosphate glasses [7 to 9]. Bands and
EPR signals of different cobalt or nickel species can be
found in the literature [16—28]. Thermal recovery experi-
ments were routinely performed on irradiated samples.
Soft heating of the samples gave more information for
the task of band separation and classification of the de-
fect centers. Besides the photooxidized iron, normally all
irradiation-induced defects recover wholly before the
temperature reaches T,. Some bands, like those stated
for (Ni>*)*, were set to account for the smallest set of
bands (of similar ratios, form and half-width ampli-
tudes), which are needed for the band simulation of a
wide range of similar but not altogether identical glasses
after different irradiation or thermal recovery treat-
ments. These bands were further compared to literature
data, EPR results and their correlation with the intrin-
sic defects.

3. Results and discussion

The glass NCS is a common soda-lime-silicate glass. Ex-
change of CaO for B,0; yields the borosilicate glass
NBSI. Replacing further Na,O by B,Oj; until the ratio
of the boric oxide anomaly is reached gives the second
borosilicate glass NBS2, which differs significantly from
the NBSI1 glass by its lack of nonbridging oxygens and
a higher ratio of BOjs units over BO, tetrahedra. The
small amount of Al,O; prevents the immiscibility of the
ternary composition of the glass NBS2, which can be
seen as a model for the glasses Duran®, or Borofloat®
as can NBSI1 for the optical glass BK7. NBS1 and NCS
are further distinguished from the medium basicity
NBS?2 by their higher optical basicity, causing Co>* and
Ni?" in these glasses to be primarily tetrahedrally co=
ordinated. The other three model glasses include a pure
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Figure 1. Optical spectra of two glasses doped with 0.3 mol%
CoO and NiO, respectively; Co?>* (top) and Ni*>* (bottom) are
primarily tetrahedrally coordinated in NCS glass (—) and octa-
hedrally coordinated in FP20 glass (——).

strontium metaphosphate glass P100 also of medium ba-
sicity and two fluoride-phosphate glasses of low optical
basicity.

Figure 1 shows the optical spectra of the differently
coordinated ions. Due to the different symmetries and
thus d — d transition probabilities, the intensities of the
bands of the tetrahedrally coordinated ions are up to
100 times higher than those of the octahedrally coordi-
nated ions. As nickel strongly favours the octahedral
over the tetrahedral coordination [16], even the high-ba-
sicity NCS glass displays a mixed spectrum of tetra-
hedral- and octahedral-coordinated Ni** ions. In FP20
glass cobalt and nickel show the typical spectra of an
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octahedral coordination, as it is also found in the boro-
silicate glass NBS2 and the glasses FP4 and P100.

As many solarization-induced defect centers absorb
strongly in the UV and VIS range, optical spectroscopy
is a good tool for studying the formation of these de-
fects. However, the bands of any evolving electron cen-
ters are usually found near the UV edge, where the do-
pants also absorb strongly, complicating the evaluation
of the optical bands. Although Co**- and Ni**-com-
pounds have been successfully investigated by EPR,
Co?" and Ni*" in glass give no visible EPR signals and
could only be detected at extremely low temperatures [17
and 18]. Since no signals seem to arise in glasses from
Co?* and Ni**, EPR spectroscopy permits the detection
of paramagnetic EC and HC in glasses at room tempera-
ture without interferences from the two dopants. One
explanation for the absence of a Co?>" and Ni** signal
might arise from a tetragonal or trigonal distortion of
their complexes, leading to low-lying excited states in-
stead of the normally found degeneracy of octahedral
complexes. The low-lying excited state results from mini-
mal quenching of orbital motion and gives rise to ex-
ceedingly short relaxation times and large spectral aniso-
tropies. The latter causes the particular smear-out of the
spectra observed in glasses, while the short relaxation
times lead to the enormous line widths at practical labo-
ratory temperatures [19]. (Preirradiated CoO-doped
model glasses were analyzed at temperatures between 4
and 77 K and a broad signal was found at g-values be=
tween 4 and 7.)

When comparing such different irradiation sources
it might be important to stress that high-energy X-ray
irradiation will excite all kinds of possible effects in the
glasses, while lamp irradiation excites only a small num-
ber of well-defined defects. Therefore, extrapolation
from X-ray to long-term UV lamp solarization is not
advisable. The results of X-ray irradiation should be dis-
cussed nevertheless, as this method partly led to new de-
fects and the intensities of the defects known from lamp
irradiation were several magnitudes higher.

Solarization in the glasses doped simultaneously with
CoO and NiO can be explained by the combination of
the defects found in the monodoped glasses. Further dis-
cussion will therefore concentrate on the undoped- and
monodoped-melted glasses. Because of the high anal-
ogies in defect formation for both glasses containing
Co?" and Ni*" in tetrahedral coordination, the glasses
NCS and NBSI1 will be discussed only on the example
of the glass NCS. As solarization in the phosphate and
FP glasses can be explained in a similar way as well,
these defects will only be briefly discussed on the ex-
ample of the glass FP20. A more detailed analysis of the
solarization defects in the CoO- and NiO-doped phos-
phate and FP glasses can be found in already published
articles [12 and 13].
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Figures 2a and b. CoO-doped NCS glass; a) optical spectra
before (—) and after (——) 100 h irradiation with the XeHg
lamp, b) difference spectrum of the irradiated and preirradiated
glass renders the induced optical spectrum of the defects.

3.1 The (boro-)silicate glasses NCS and NBS1

These two glasses showed after irradiation with the weak
HgXe lamp by far the strongest induced extinctions of
all the doped glasses. Figures 2a and b and 3a and b
show the spectra of the doped glasses before and after
100 h irradiation as well as the difference spectra dis-
playing the spectra of the irradiation-induced defects.

In the CoO-doped glass a strong induced absorption
can be seen below 400 nm. Further a small negative ab-
sorption at the position of the tetrahedral Co?* bands
is observed. For the NiO-doped glass the strong induced
absorption is limited to shorter wavelengths. However,
as for CoO-doped glasses, changes in the induced ab-
sorption are found at longer wavelengths as well. De-
tailed studies of these changes imply a simple transfor-
mation from one Co>" species into a defect center, and
a more complex transformation for nickel, where more
than one Ni’* species might be involved. For example
two differently coordinated Ni*>* species would contrib-
ute with different kinetics in the defect formation
process [12].

Figure 4 shows the EPR spectra of the doped and
undoped NCS glasses after XeHg lamp and after X-ray
irradiation. All EPR spectra of the irradiated glasses
studied are dominated by the signals of intrinsic HC. In
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Figures 3a and b. NiO-doped NCS glass; a) optical spectra be-
fore (—) and after (—-—) 100 h irradiation with the XeHg lamp,
b) difference spectrum of the irradiated and preirradiated glass
renders the induced optical spectrum of the defects.

the silicate glasses the main signal actually consists of
two overlapping signals with g-values around 2.0 from
two different HC (H; and Hyy). These signals are signifi-
cantly reduced in the doped glasses. After lamp ir-
radiation only fragments of these HC signals are left in
the CoO-doped glass, where only now the otherwise hid-
den weak EC signals become apparent. X-ray irradiation
causes much stronger defect formation, which is also ap-
parent in the much better signal-noise ratio in the second
set of spectra. Even though the signal of the intrinsic
HC is still very strong in the doped glasses, the intensity
is much smaller than in the undoped glass. In addition
a new signal at g =2.08 appears in the NiO-doped
glasses, a signal which can be related to an (Ni>*)" spe-
cies [20 and 21]. Contrary to Co’>* and Ni*", Ni** as
well as Nit exhibit their own signals in glasses even at
room temperature.

If the dopants replace the intrinsic HC by the forma-
tion of extrinsic defects, Co®>" and Ni*>" are photooxi-
dized to (Co**)" and (Ni**)". To verify this process,
the induced optical spectra of these glasses had to be
compared to spectra of glasses containing Co*" and
Ni** in tetrahedral coordination. In figure 5a the optical
spectrum of a cesium-barium-silicate glass CBS50 is
shown. Because of the high alkali content and the high
optical basicity of the big cesium ions, almost all the
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Figure 4. EPR spectra of undoped and doped NCS glasses after
100 h XeHg lamp irradiation (left) and 16 h X-ray irradiation
(right); dpph-standardized, B=magnetic induction.

cobalt is present as Co’* and only small amounts of
Co?" can be found. Co*" has been prepared in like man-
ner before by Dietzel and Coenen in extremely alkaline-
rich alkali silicates [22]. Lamp irradiation of this glass
does not easily cause further photooxidation. As most
of the cobalt is already oxidized no strong additional
photooxidation can be expected in this glass. The spec-
trum of the CBS glass containing Co’" is in good agree-
ment with the induced spectrum after X-ray (figure 5b)
and lamp irradiation (figure Sc). The induced spectra
differ primarily in their intensities and hardly in the form
of the spectra, as long as the negative extinction of the
tetrahedral Co>* bands is taken into account.

Comparison of the NiO-doped CBS glass with the
induced optical spectra is less forward (figures 6a to d).
Even in the CBS glass with its high optical basicity a
significant amount of Ni** (filled bands) is present to-
gether with Ni**, and at least the octahedral as well as
the tetrahedral coordination have to be considered for
both Ni*" and Ni*" (figure 6a). Contrary to the CoO-
doped CBS glasses lamp irradiation of the NiO-doped
glasses causes strong defect formation. The induced op=
tical spectrum is shown in figure 6b. This spectrum
shows a certain likeness to the spectrum in figure 6¢, the
induced spectrum of NiO-doped NCS glass after X-ray
irradiation. If a decrease of Ni** bands is considered in
the induced spectra after lamp irradiation (figure 6d), all
spectra of figure 6a to d can be simulated with similar
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Figures Sa to c. Optical spectrum of CoO- doped CBS50 glass
with Co?>* (xxxx) and Co** (=) a) in comparison to the in-
duced optical spectra of CoO-doped NCS glass after b) 16 h of
X-ray irradiation and c¢) 100 h of XeHg lamp irradiation.

sets of bands. References in the literature also show for
the optical spectra of Ni** several badly resolved bands
with decreasing intensities between 200 and 700 nm, and
are thus in agreement with the assignments stated here
[23 to 25].

The spectra of the doped NBS1 glasses are very simi-
lar to the spectra of the NCS glasses shown and can be
explained accordingly. The same four main features can
be found for all NBS1 and NCS glasses. First, a decrease
of the tetrahedral Co?* bands = and also less obviously
in the Ni>* bands = is seen with increasing irradiation.
Second, the doped glasses display a much lower signal
of intrinsic HC signals in their EPR spectra than the
undoped glasses, even though the induced extinction was
much higher in the doped than in the undoped glasses.
Third, an EPR signal of Ni** is found after X-ray ir-
radiation in all of the NiO-doped glasses. Fourth, there
is a good agreement of the optical spectra of CBS glasses
containing Co’" with the induced optical spectra of the
CoO-doped glasses. This agreement is also evident for
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Figures 6a to d. Optical spectrum of NiO-doped CBS50 glass
(figure a) in comparison to the induced optical spectra of the
NiO-doped glasses b) to d) after 4 h XeHg lamp (CBS50), 16 h
X-ray (NCS) and 100 h XeHg lamp irradiation (NCS).

the NiO-doped glasses, also less apparent due to the two
simultaneously present coordinations. Together, these
features show that in these glasses both dopants are
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Figures 7a and b. Induced optical spectra of undoped (-),
NiO-doped (—-—) and CoO-doped (—) NBS2 glass after
a) 100 h HOK lamp and b) 16 h X-ray irradiation.

photooxidized and as extrinsic HC replace some of the
intrinsic HC.

Co’" + hv— (Co*")t +e-
Ni** + hv— (NP2 +e=

3.2 The low alkaline borosilicate glass NBS2

The glass NBS2, in which Co?" and Ni’* are octa-
hedrally coordinated, showed overall a much lower de-
gree of defect formation than the glasses NBS1 and NCS
discussed before. Hardly any defects were found after
irradiation with the weak XeHg lamp. However, ir-
radiation by the stronger HOK lamp causes significant
defects. Considering the thorough discussion of the ex=
trinsic defects formed in the glass NCS, the similar
characterization in the glass NBS2 can be summarized
briefly given the apparent features in figures 7a and b
and 8. Figure 7a shows the induced optical spectra after
HOK lamp irradiation. The magnitude is very similar
for all doped and undoped glasses, while in the anal-
ogous figure 7b, showing the induced spectra after X=
ray irradiation, the doped glasses show a much stronger
defect formation than the undoped glass. The EPR spec-
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Figure 8. EPR spectra of CoO- and NiO-doped and undoped
NBS2 glass after 100 h HOK lamp irradiation (left) and 16 h X-
ray irradiation (right); dpph-standardized, B=magnetic induc-
tion.

tra in figure 8 are dominated again by the signal of the
intrinsic HC. The characteristic quintet of the boron-
related oxygen HC (BOHC) is easily recognizable. Con-
trary to the optical spectra, this signal significantly de-
creases in the doped glasses compared to the undoped
base glass. As before the spectra of the NiO-doped glass
displays the (Ni>*)* signal at g = 2.08. In analogy to
the glasses NCS and NBSI these spectra can also be
interpreted by the photooxidation of Ni** and Co’".
Furthermore, the characteristic form of the spectra of
the CoO-doped glass in figure 7a, with two maxima be-
tween 300 and 500 nm, is characteristic of Co®" in octa-
hedral coordination [26 and 27].

The lower extent of defect formation in NBS2 com-
pared to NBS1 and NCS can be explained by several
means. The glass NBS2 shows a lower extent of intrinsic
defect formation than the other two glasses. The lower
optical basicity of NBS2 compared to NCS and NBS1
has a lower stabilizing effect on the photooxidized cobalt
and nickel species and as both ions are octahedrally co-
ordinated in the glass NBS2, the photooxidized species
do not display the strong charge transfer (CT) tran-
sitions of the two tetrahedrally coordinated species.

3.3 The fluoride phosphate and phosphate
glasses FP20, FP4 and P100

Because of the many similarities in their defect forma-
tion the metaphosphate and the FP glasses will be dis-
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Figure 9. Induced optical spectra including band separation of
Co0O- and NiO-doped and undoped FP20 glass after 16 h X~
ray irradiation.

cussed together, especially as solarization in these glasses
has already been covered in more detail in [12 and 13].
P-bonded defects are more stable than are F-bonded
ones. Therefore, FP glasses show the same P-related in-
trinsic defects than phosphate glasses. These defects have
been intensively studied over the last years [7 to 9]. Phos-
phate glasses show distinct solarization even after ir-
radiation with the weak XeHg lamp, but FP glasses are
much more stable to solarization. Their stability in-
creases with decreasing phosphate content. Thus after
irradiation with the HOK lamp significant defects were
found in the glass FP20 (20 mol% phosphates) but not
in the glass FP4 (with only 4 mol% phosphates), the lat-
ter only showed apparent defects after X-ray irradiation.

Typical induced optical spectra of X-ray irradiated
FP20 are displayed in figure 9. The base glass in the
middle shows the bands of the intrinsic defects. The
three bands of the phosphorous-bonded oxygen HC
(POHC) are placed at longer wavelengths, and several
bands connected with different EC are positioned near
the UV edge. The induced optical spectra of the CoO-
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Figure 10. EPR spectra of doped and undoped FP20 glass after
16 h X-ray irradiation (dpph-standardized); magnified EPR
spectra of the EC signals (left, POHC signals omitted) and seg-
ment of the EPR spectra showing the POHC signal (right).

doped glass clearly exhibits the two bands between 300
and 500 nm, which = as in the glass NBS2 = can be
associated with photooxidized octahedrally coordinated
(Co?>*)*. These extrinsic HC replace, as before in the
other glasses, the intrinsic HC which is easily recogniz-
able on the decreased POHC bands. The induced spec-
trum of the NiO-doped glass is more like the spectra of
the undoped glass. Only one additional band at 350 nm
can be seen, a band that according to the literature, can
be related to (Ni>")~ [28]. Thus, Ni>* is photoreduced
forming an extrinsic EC, and the necessary charge bal-
ance is covered by the increase of the intrinsic oxygen
related HC (OHC).

The EPR spectra validate the conclusions drawn
from the optical spectra (figure 10). As in the other
glasses the spectra are dominated by the signal of the
intrinsic HC, in this case the sharp doublet of the POHC
signal around g = 2.0. At higher and lower g-values
other, much weaker signals are found that belong to the
different intrinsic EC. All the EPR spectra show very
similar features. The POHC signal is nevertheless signifi-
cantly decreased in the CoO-doped glass compared to
the undoped and NiO-doped glass, where the signal is
essentially of the same intensity. Moreover, in the NiO-
doped glass, additional signals are found at g; = 2.26
and g, = 2.10, which can be related like the band at
350 nm to a photoreduced (Ni**)~ [18, 29 to 31].

HOK lamp irradiation of the glass FP20 gives quali-
tatively the same bands and signals, only of much lower
intensity, while in the FP4, as well as in both FP glasses
irradiated with the weaker XeHg lamp, no significant
defects can be found.
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Figures 11a and b. Relative irradiation-induced extinction of the maximal absorption between 300 and 600 nm for the different
model glasses after a) 100 h lamp irradiation (samples were either irradiated with the XeHg or the HOK lamp; if two glass samples
were irradiated, the AE,,,, bar of the HOK lamp is placed behind that of the XeHg lamp); b) 16 h X-ray irradiation. (A, optical
basicity values calculated with the increment system according to Duffy [3 to 4], Apy: values derived experimentally with the Pb>*

indicator ion according to Seeber [5].)

X-ray irradiation of the metaphosphate glass P100
looks essentially similar to the spectra shown for FP20,
however the photoreduction of Ni** to (Ni>*)~ is mark-
edly smaller in this glass, which has a higher optical ba-
sicity than the acidic fluoride phosphates. This is even
more obvious in the glasses irradiated with the weak
XeHg lamp. Contrary to the more stable FP glasses a
considerable defect formation can be observed for all
doped and undoped glasses. Principally the defects can
be described in the same way as before. Co>" is photo-
oxidized, but no extrinsic defects are found in the NiO-
doped glass, which only shows all the intrinsic bands
and signals as found in the undoped base glass.

The EPR spectra of the irradiated P100 glass confirm
the replacement of POHC by (Co®")*HC, while the inten-
sity of the POHC signal stays the same for the undoped and
the NiO-doped glass. After X-ray irradiation a weak signal
of the (Ni?*)"EC can be found in the NiO-doped glasses
with a g-value of =2.1[12 and 29].

4. Conclusions

This papers illustrates that irradiation-induced defects
evolve in very different forms and intensities in a variety
of CoO- and NiO-doped glasses. The strength of solari-
zation depends on the radiation source, the coordination
of the dopants as well as on the structure and optical
basicity of the glass matrix.

While several optical bands and EPR signals could
be associated with cobalt- and nickel-related extrinsic
defects, others arose from intrinsic EC and HC. Many
of these defects have been thoroughly analyzed in other
studies [7 to 9], and the influence of cobalt and nickel on
the form of the defects supports the previously reported
interpretations for these intrinsic defects [7 to 9].

4.1 Irradiation source and solarization

X-ray irradiation not only excites the valence electrons
as observed for lamp irradiation, but is also sufficient to
ionize inner electrons. Thus defect generation was usu-
ally several magnitudes higher after X-ray than after
lamp irradiation (figures 1la and b). In some glasses
only X-ray irradiation led to significant defect formation
(FP4) and in others, such as the NiO-doped P100 glass,
X-ray irradiation caused defects that were not observed
after lamp irradiation. Because of the larger emission
spectrum, including high-energy wavelengths down to
190 nm, instead only to 230 nm as in the XeHg lamp,
the HOK lamp causes stronger solarization than the
XeHg lamp. Significant intrinsic defects are thus found
for the glasses NBS2 or FP20, which are quite stable
against XeHg lamp irradiation. While X-ray irradiation
leads to more uniform strengths of the final solarization
effects, a much higher degree of differentiation is found
when the samples were irradiated with the more selective
working lamps.

Glass Sci. Technol. 75 (2002) No. 5

251



Doris Moncke; Doris Ehrt:

Table 3. Wave numbers of the irradiation induced bands and g-values for the different extrinsic defects found in the different model
glasses doped with octahedrally (Oy) and tetrahedrally (T4) coordinated cobalt and nickel ions

model glass irradiation source CoO-doped A in nm NiO-doped J in nm g-value
NCS XeHg lamp Ty (Co?™)* 385 Ty (Ni2+)* 295, 370, 400 2.08
and 475%, 5904, 7159
NBSI X-rays Ty (Co?>F)* 385 Ty (Ni2H)* 295, 370, 400 2.08
XeHg lamp O(Co* M)+ N Oy (Ni2H)* -
NBS2 HOK lamp Oy, (Co?*)* =2 0, (Ni?h)* 250 to 400 2.08
X-rays O, (Co*™)* 370, 455 Oy, (Ni2h)* 250 to 400 2.08
P100 XeHg lamp O, (Co>")* — O (Ni?H)* -
X-rays 0O, (Co**)* 305, 400 0,, (Ni**)~ 330 2.08
XeHg lamp O, (Co?H)* 305, 400 Oy, (Ni2H)* =
FP20 HOK lamp O, (Co?H)* 315, 400 0, (Ni*)~ 385 g1:2.26
g5 2.10
X-rays Op(Co* M)t 315, 400 Oy, (Ni?%)~ 385 g1:2.26
g5 2.10
XeHg lamp Oh (Co?*)* - Oy, (NIFH)* —
FP4 HOK lamp Oy, (Co?h)* — Oy, (Ni2H)* =
X-rays O, (Co?)* 295, 415 Oy, (Ni?*)~ 370 g1:2.26
g2 2.10

4 These bands arise probably due to Oy- and/or pseudo-tetrahedrally Tg-coordinated (Ni**)* species.

%) Extrinsic defects are hidden by intrinsic defects.

4.2 Dopants and solarization

Solarization was as a rule stronger in the doped than in
the undoped base glasses. Defects in glasses doped with
CoO and NiO can be explained as a combination of the
defects found in the monodoped glasses. Co>* was pho-
tooxidized to (Co>")" in all glasses. Ni>* with a lower
redox potential than Co>" showed a stronger depen-
dency on the glass matrix. In the silicate and borosilicate
glasses of the higher optical basicity range Ni*" was
photooxidized to (Ni**)*. However, in the phosphate
and FP glasses with lower basicities, Ni>* was even pho-
toreduced to (Ni2*)~. The extrinsic defects (Co>")"HC
and (Ni*")*HC, formed by photooxidation, replaced
partly intrinsic HC such as POHC, BOHC, H; and Hy,.
The charge for the irradiation-induced (Ni**)”EC was
balanced by an increased formation of intrinsic OHC.
The coordination of the dopants also seems to be im-
portant for the defect formation, as octahedrally and
tetrahedrally coordinated Ni*" in the silicate and boro-
silicate glasses seem to exhibit different formation rates.

4.3 Glass matrix and solarization

The glass matrix determines not only the ease of intrin-
sic defect formation, which also influences the extrinsic
defect formation, but also influenced the stability of the
extrinsic defects.

Figures 11a and b illustrate the different strengths of
defect formation in different model glasses by showing
the maximal values of the induced extinction between
300 and 600 nm. Since not all glasses had any significant
defects after irradiation with the XeHg lamp, and not

all glasses were irradiated with the HOK lamp, the ef-
fects of both lamps are combined in figures 11a and b.
The high differentiation of the defects is quite apparent
in these figures and is based on the high selectivity of
lamp excitation. The induced extinctions in the glasses
containing Co?* in tetrahedral coordination exceed any
other observed defects by magnitudes. The intrinsic de-
fects of the undoped (boro-)silicate glasses are distinctly
smaller than in any of the doped glasses, while in the
phosphate glasses the undoped and NiO-doped glasses
have only a slightly lower induced extinction than the
CoO-doped glasses. The general instability of the F-
bonded defects can be seen in the lower rates of intrinsic
defect formation in the FP glasses. The extent of solari-
zation found after lamp irradiation reveals as a whole
an increasing trend with increasing optical basicity of
the glasses, which is also observed for the doped as well
as the undoped glasses. For X-ray irradiation doped and
undoped glasses indicate different trends. Figure 11b
shows contrary to figure 1la that for the undoped
glasses a stronger solarization is found in the FP and
phosphate glasses when compared to the (boro-)silicate
glasses.

X-ray irradiation of the doped glasses does not re-
flect the solarization of the base glass as seen after lamp
irradiation. The amount of solarization seen in the
doped glasses after X-ray irradiation complies strongly
with the stability of the photoionized species and is thus
clearly connected with the basicity of the glass matrix.
The photooxidized (Co>")* is more stabilized in the
high-basicity glasses than in those of lower basicity.
There is an exception in the basicity series when the ma-
trix changes from a borosilicate to the phosphate glass
where then the ease of the intrinsic defect formation pre-
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vails over the pure basicity effect. The transition from
the borosilicate to the phosphate glasses is even more
severe for the NiO-doped glasses, as Ni** is photooxid-
ized in the silicate glasses and photoreduced in the (fluo-
ride-)phosphate glasses = the latter causing a stronger
induced extinction with decreasing basicity of the FP
glasses.
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