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Microscopic model of photoinduced and pressure-induced UV spectral changes
in germanosilicate glass
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We carry out quantum-chemical calculations on clusters of atoms modeling the local structure of the divalent
Ge defect in germanosilicate glass. It is found that the divalent Ge defect can interact with a nearby bridging
oxygen atom, leading to denser defect configurations. The excitation energy of the resulting diamagnetic defect
center is calculated to be5.5—~5.8 eV, explaining a growth of the compaction-derived metastable absorption
band in germanosilicate glass in the range 5.5-6.0 eV.
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Much effort has gone into the study of the mechanism anatlose connection between UV and hydrostatically induced
relative contributions to the photorefractive effect in glasscompactiort: Dianov et al!! also reported that no paramag-
waveguides. This effect is closely related to the photosensiretic defects are created during the hydrostatic densification
tivity of pure and doped silica glass, which is the material ofprocess, indicating that all the pressure-induced absorption
choice for most optical fibers in use today. In particular, thebands are associated with diamagnetic defect centers.
photosensitive phenomenon of germanosilicate glass has The photoinduced absorption bands-at.4, ~5.8, and
been recognized as having tremendous practical importance;6.5 eV mentioned earlier have been attributed to different
since this allows us to produce fiber Bragg gratings in opticatypes of paramagnetic centers called (Be Gg?2), and
fibers with a number of applications, including wavelengthGe(E'), respectively>~1* The GeE’) center consists of a
multiplexers, sensors, fiber mirrors, and dispersion controthreefold-coordinated Ge with an unpaired electron, and the
devices' It has been demonstrated that a significant refracGe(1) center is attributed to an electron trapped at a Ge
tive index change occurs when a germanium-doped fiber itetrahedrort® However, the origin of G@) giving rise to the
exposed to ultravioletUV) light close to 5 eV. Since this ~5.8-eV band is still a matter of controversy, and it is not yet
energy coincides with the absorption peak of germaniuntlear whether G@) is an electron center or a hole centéf.
oxygen-deficient center€ODCg, it is generally believed Recently, from the measurements of the magnetic circular
that photosensitive GODCs play a major role in the mechadichroism absorptiofMCDA) and optically detected mag-
nisms of UV-induced refractive index changes in germanonetic resonancé€ODMR) spectra of an x-ray-irradiated ger-
silicate optical fiberé:® Indeed, the defect band at5 eV is  manosilicate glass, the authors of Ref. 16 demonstrated that
bleached by UV radiation, and, accordingly, several broadontrary to the standard model mentioned above2Ges
Gaussian components emerge in the region of 4—8°ahe  diamagnetic in nature. Thus, as for the origin of thg.8-eV
most pronounced components are centered-4i¥, ~5.8,  band, the results of the MCDA and ODMR measurements
and ~6.5 eV®’ Thus one probable model of the photoin- are consistent with those obtained from the hydrostatically
duced refractive index change is the so-called color-centedensified sample; that is, the photoinduced and pressure-
model; that is, these photoinduced color centers produceithduced absorption at5.8 eV results from a certain diamag-
especially in the deep UV>~6 eV) region yield positive netic center, although its structural origin is still unidentified.
refractive-index changes on the longer-wavelength side ofn this work, we therefore concentrate our interest on the
the absorption band through the Kramers#igp origin of the~5.8-eV band, and present a possible structural
mechanisn?. However, this color-center model does not model responsible for this pressure-induced and photoin-
completely explain all the accumulated experimental find-duced absorption band on the basis of quantum-chemical cal-
ings concerning the relevant photorefractive effe@ther  culations using clusters of atoms that model the local struc-
researchers have hence proposed an alternative model whitlre of germanosilicate glass.
is based on glass densification induced by photostructural Considering that the-5.8-eV band grows at the expense
changes of the GODCsand direct observation of photoin- of the 5-eV band, here we assume that a divalent Ge defect,
duced compaction was obtained recenfi{. which is believed to be one possible origin of the 5-eV

It should also be noted that when germanosilicate glass iband>!’is structurally transformed into another diamagnetic
densified by the high-hydrostatic-pressure treatment, the alglefect center to yield a-5.8-eV band under compression or
sorption spectrum of the initial sample also changeBi- UV irradiation. As far as the photoinduced process is con-
anov et al!! showed that after hydrostatic densification thecerned, it has indeed been suggested that the structure around
broad absorption bands centered~&.8 and~7.3 eV grow  the divalent Ge defect relaxes to prevent recombination and
significantly at the expense of the original defect banetat  to yield a permanent structural arrangements, leading to local
eV. Thus the photoinduced and pressure-induced spectreensification® In previous paper$?° we showed that the
changes are very similar, except that the 4.4-eV band doadivalent Ge defect tends to interact with a nearby bridging
not grow in the spectra of hydrostatically pressurized geroxygen atom to form a compacted structural unit having a
manosilicate glass. It is hence quite probable that there is threefold-coordinated Ge atom and fivefold-coordinated Ge
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FIG. 1. Apossible photoinduced and pressure-induced compres- 15 > The G6Si;,0y6Ha, cluster(model 3 modeling the local

sion mechanism associated with the divalent Ge defect in germanQycqre of the native divalent Ge defect in germanosilicate glass.

silicate glass. The native and compressed forms of the divalent Ggy, geometry optimization was performed at the B3LYP/6& &)
defect will contribute to the~5.0- and~5.8-eV photoabsorption |, el without imposing any structural constraints.

bands, respectively.
although not perfectly, an effect of condensed environments

atoms. We have also demonstrated that this structural unib the actual glassy system. The dangling bonds of the “sur-
yields a higher excitation energy than the native divalent Gdace” silicon atoms of the clusters were saturated by H at-
defect by~0.2 eV2° This result suggests that the proposedoms, and the geometry optimization was performed at the
threefold- and fivefold-coordinated Ge units, which aredensity functional theoryfDFT) levels with the 6-3G(d)
likely to be formed as a result of the mechanical compactiorbasis set® For the DFT calculations, we used the B3LYP
and/or photoionization of the native divalent Ge and the subexchange-correlation functional consisting of the Lee-Yang-
sequent recombination procesee also Fig. )l are respon-  Parr correlation function&l in conjunction with a hybrid ex-
sible for the pressure-induced and photoinduced absorptiochange functional proposed by BecXane did not impose
over ~5 eV. The formation of such “overcoordinated” Ge any structural constraints during the optimization; that is, all
atoms can be interpreted in terms of an electron-trappinghe atoms in the clusters are allowed to relax to obtain the
nature of Ge atoms. It has been demonstrated that a fourfoléptimized configuration. In Fig. 2, we show the resultant
coordinated Ge atom is able to capture an electron fronoptimized geometry of model 1 along with principal struc-
neighboring oxygen atoms to change its coordination numbetural parameters.
within the glass network. For example, when an alkali oxide We then assumed that the native divalent Ge defect in
is added to germanate glasses, one sees a change in germeedel 1 can interact with a nearby bridging oxygen atom
nium coordination from Gepto GeQ and/or GeQ, lead-  under compression and ionization processes. Thus we inten-
ing to densification at ambient presséte?® Such an elec- tionally changed the position of the divalent Ge afdde(1)]
tron capture process followed by the formation of thein model 1 in such a way that @B can interact with one of
overcoordinated Ge atom does not occur in pure silica unleshe bridging oxygen aton{$(3)] in the model cluster. Using
the system is subject to high pressures ov80 GP&*Itis  such a modified configuration as an initial geometry, we per-
hence likely that the proposed mechanism of the photoinformed a full geometry optimization at the B3LYP/6G(d)
duced densification associated the divalent Ge and its neigtevel in its neutral charge state; that is, the resulting defect
boring GeQ tetrahedral uni®"?® is peculiar to Ge-doped center in the cluster is diamagnetic in nature. The obtained
silica; that is, the mechanism cannot be applied to pure siliceequilibrium geometry of the cluster, termed model 2, is

In our previous paperS:>°however, we used rather small shown in Fig. a). Ab initio quantum-chemical calculations
clusters to model the divalent Ge and its related defect cerin this work were performed using th&AUSSIAN 98
ters. The clusters employed previously comprised two Gerogrant® on a supercomputer CRAY T94/4128.
atoms and three Si atoms, neglecting surrounding environ- We see from Figs. 2 and® that the atomic reorganiza-
ments around the defect of interest. Thus larger clustersons from model 1 to model 2 allow the interaction between
would be more favorable to show that the above defect inthe divalent Ge and its surrounding atoms, forming a com-
terconversion and the resultant change in excitation energigdex defect configuration. The defect center in model 2 is
indeed occur. In the present work, we hence employ clustersasically the same as that reported in our previous paper
of atoms consisting of two Ge atoms and 12 Si atoms t@mploying a smaller clusté?.We should also note that the
model the native and compressed forms of the divalent G&g1)-O(3) and G&2)-O(2) bond distances become shorter
defect. Figure 2 shows a cluster, termed model 1, to model by 0.33 and 1.25 A, respectively, as we go from model 1 to
native divalent Ge defect. In model 1, the defect site is emmodel 2. That is, it is quite likely that the “open” structure
bedded in the germanosilicate network in order to includearound the divalent Ge defect in model 1 is compacted as a
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are comparable to those obtained from the more costly cor-
relatedab initio method such as the configuration interaction
(Cl) method, and are hence in good agreement with experi-
ment. The TD DFRT excitation energies were calculated at
the B3LYP level using the 6-%3(d) basis set augmented by
a set of diffuses and p functions on Si, Ge, and O atoms,
namely, the 6-3% G(d) basis sef®

The Sy— S, transition of model 1 was calculated to be
4.89 eV, which is in reasonable agreement with previalos
initio calculations based on the CI meth05 e\).3® On
the other hand, th&,—S; transition of model 2 was com-
puted at 5.78 eV, which is substantially higher than the cor-
responding transition energy calculated for model 1. To cor-
roborate this tendency, the excitation energy of such a
compacted defect as seen in model 2 was calculated using a
different cluster having two Ge atoms and 13 Si atoms
[model 3; see Fig. ®)]. The Sy—S; transition of model 3
was calculated to be 5.52 eV at the B3LYP/6+3G&(d)
level. Although the excitation energies of models 2 and 3 are
not identical to each other, the present results as well as
previous calculatiortg give the same tendency that the com-
pacted divalent Ge defect yields a higher excitation energy
than the native one. It is also interesting to note thatShe
— S, transition energies calculated for models 2 and 3 are
comparable to the photoinduced and pressure-induced ab-
sorption band at-5.8 eV. Taking the facts mentioned above
into account, we suggest that the higher-energy component

of the ~5-eV photoabsorption band, namely, the photoab-
sorption band centered at5.8 eV, results from the com-
FIG. 3. The GgSi;;0;6H,, (Model 2 (a) and GgSii0:/H,4  pressed form of the divalent Ge defétt.
(model 3 (b) clusters modeling the local structure of the com-  |n conclusion, we have shown that the native divalent Ge
pressed_form of the divalent Ge defe_ct_in germanosilicate glass. Thgefect yielding the~5-eV band in germanosilicate glass
geometries of the clusters were optimized at the BSLYP/&(@)  (model J) can be converted into the other diamagnetic defect
level. Before the optimization procedure of the,Gig,0;¢H,, Clus- having a threefold-coordinated Ge atdmodels 2 and B
ter, we intentionally changed the position of ®ein model 1 in g conversion is expected to occur under photoionization
such a way that it can interact with(8). Using this geometry as an as well as compressidsee Fig. 1 Judging from the calcu-
in_itial co_nfigurgtion, we then carried out_the geometry optimizationIated excitation energies, we suggest that the defect center in
without imposing any structural constraints. model 2 or model 3 is responsible for the observed photoab-
) ] ) sorption band in the range 6f5.5—6 eV. As for the photo-
result of the present atomic reconfigurations. We have founghqyced process, other defect centers that are associated with
that the total energy of model 2 is almost identical to that offree charge carriers and radicals having unpaired electrons
model 1; the former cluster is even slightly lower in total i pe also created.However we believe that the present
energy than the latter by 0.28 eV. We therefore consider thajefect conversion mechanism is capable of explaining one
the defect conversion from model 1 to model 2 is not angngamental facet of the photoinduced structural modifica-

to occur in actual systems under compression and/or photqs,ie glass.

ionization processes.

We then turn to excitation energies of models 1 and 2. The We would like to thank the Supercomputer Laboratory,
first excitation energy of the respective clusters was calcuknstitute for Chemical Research, Kyoto University, for pro-
lated by using time-dependent density-functional responseiding the computer time. This work was supported in part
theory (TD DFRT).2° It was recently shown in a number of by Grant-in-Aid(12CE2005 and 127507%#&om the Minis-
papers®—°that the TD DFRT gives excitation energies thattry of Education, Science, Sports and Culture, Japan.
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