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Abstract

We present a first-principles investigation of Sn paramagnetic centers in Sn-doped vitreous
silica based on calculations of the electron paramagnetic resonance (EPR) parameters. The
present investigation provides evidence of an extended analogy between the family of Ge
paramagnetic centers in Ge-doped silica and the family of Sn paramagnetic centers in Sn-doped
silica for SnO, concentrations below phase separation. We infer, also keeping into account the
larger spin—orbit coupling of Sn atoms with respect to Ge atoms, that a peculiar and highly
distorted three-fold coordinated Sn center (i.e. the Sn forward-oriented configuration) should
give rise to an orthorhombic EPR signal of which we suggest a fingerprint in the EPR spectra
recorded by Chiodini et al (2001 Phys. Rev. B 64 073102). Given its structural analogy with the
E! and Ge(2) centers, we here name it as the ‘Sn(2) center’. Moreover, we show that the single
trapped electron at a SnOy4 tetrahedron constitutes a paramagnetic center responsible for the
orthorhombic EPR signal reported in Chiodini ef al (1998 Phys. Rev. B 58 9615), confuting the
early assignment to a distorted variant of the Sn-E’ center. We hence relabel the latter
orthorhombic EPR signal as the ‘Sn(1) center’ due to its analogy to the Ge(1) center in
Ge-doped silica.

Supplementary material for this article is available online

Keywords: EPR, silica, Sn-E’ centers, DFT, Ge-E’ centers
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1. Introduction

Ion implantation is a largely exploited experimental way to
introduce point defects in a solid matrix so to functionalize the
host material [1]. For instance, Sn implantation of silica consti-
tutes a way to make silica glass a luminescent material that can
be interesting for optoelectronic or even photonic applications
[2-4]. Moreover, Sn-doped silica glass has recently been
proved to work as a dosimetric material based on the pho-
toluminescence of Sn point defects [5]. Incidentally we also
mention that Sn related point defects have also been found [6]
in irradiated, and thermally treated, nanostructured tin-silicate
glass ceramics which nowadays is a very active research
field [7, 8].

About two decades ago, it was remarked that Sn-doped
silica based fibers exhibit extremely high photosensitivity
when exposed to UV light such as the 248 nm KrF excimer
laser [9, 10]. Such photosensitivity stems from the presence of
optically active point defects [11-13]. In particular, absorption
bands at about 4.5eV, 4.9V, and 5.9 eV have been attributed
to the occurrence of Sn color centers in silica [14—16] of which
the band at 4.9 eV is universally attributed to the occurrence of
twofold Sn centers, alternatively known as tin oxygen deficient
centers (Sn-ODC) of the second type, shortly Sn-ODC(II) [ 17—
19]. As for the Sn-ODC of the first type, i.e. the Sn-ODC(I), its
structure should consist in a =Sn—Si= dimer. Yet there is no
evidence concerning the optical absorption fingerprint neither
of Sn-ODC(I) nor of Ge-ODC(I) centers [20, 21]. Similarly to
the 5.1 eV absorption band in Ge-doped glass [22], the 4.9 eV
absorption band of Sn-doped silica is bleached under UV radi-
ation together with a concomitant increase of absorption bands
at about 4.5eV and 5.5eV [10, 15].

Besides the 4.9eV absorption band, twofold Sn centers
in silica glass, and in other glasses, are responsible for
singlet-singlet and triplet-singlet emissions at ~4.2eV and
~3.1eV which currently make them interesting for lumines-
cence applications [3, 5, 23-27]. Yet, it is not so clear what
kind of paramagnetic centers could be generated in irradi-
ated Sn-doped silica containing twofold Sn centers [28]. In
the experimental study of [11] two variants of Sn-related para-
magnetic centers were identified, an orthorhombic one with
g1 =1.994, g, = 1.986, and g3 = 1.975, and an axial one with
g = 1.994and g, = 1.977. These centers show a huge hyper-
fine coupling constant (434 mT) as also observed for Sn cen-
ters in other compounds [29]. Chiodini et al [11] proposed
an identification of these two kind of paramagnetic centers
with Sn-E’ centers consisting of unpaired spins in sp> orbit-
als of three-fold coordinated Sn sites, eventually decorated
with a varying number of next nearest neighbors Sn atoms. By
contrast, Nakanishi et al [15] by investigating the absorption
of point defects in irradiated Ge-Sn-SiO, glass have shown
that two distinct kinds of paramagnetic centers, Sn-E’ and
(Sn*t)~ centers, are induced by the irradiation. The absorp-
tion band of the Sn-E’ is indicated to be ~6¢V, similarly to
Ge-E’ centers [30], while the absorption band of the (Sn**)~

center is located at about ~4.4 and ~5.4 eV, suggesting an ana-
logy with the Ge electron center that features absorption bands
at ~4.5 and ~5.8 eV [15, 22] and thus supporting a non Sn-E’
origin for the orthorhombic signal of [11]. The model that was
originally proposed for the (Sn**)~ center by Kawazoe et al
consists in an electron trapped at an octahedral Sn site [31]
in analogy with Sn coordination in SnO, crystal. The spin-
density thought for the (Sn*+)~ center has a rather spherical
symmetry reflecting the high s-character of the center analysed
in [31] and is not consistent with an orthorhombic center as
the one found by Chiodini et al [11]. Moreover a model based
on octahedral coordination does not seem very suitable for
Sn point defects in silica at very low Sn-doping levels (<0.4
mol%) that were considered in [11, 16], thus further prompting
for a dedicated theoretical investigation of Sn paramagnetic
centers in silica.

First-principles electron paramagnetic resonance (EPR)
calculations, e.g. based on the linear response approach of
[32], have become a standard tool in many computational
investigations of point defects in solids and have allowed for
safely grounded interpretation of experimental data leading to
the formulation of new models such as in the case of the E,
and Ge(2) centers in silica [33, 34]. Concerning Sn-related
paramagnetic centers in silica, as far as we know, only the
so-called H(III) centers, i.e. paramagnetic hydrogenated two-
fold Sn centers (:S-n — H), have been studied by means of a
first-principles approach [35]. In this work, we present a first-
principles investigation of the EPR parameters of Sn paramag-
netic centers (with spin S = 1/2) in vitreous silica (v-SiO,)
aiming at identifying the origin of the orthorhombic EPR sig-
nal reported in [11]. We deduce, by analysing our g-values
distributions obtained for a large set of defect configurations,
that the orthorhombic EPR signal [11] arises from a single
trapped electron (STE) center at a SnOy4 tetrahedron, which
is an analogue of the Ge(1) center [36], and hence we here
name it ‘Sn(1) center’. In such a configuration, the unpaired
spin is localized at a distorted SnOy tetrahedron. On the basis
of our calculations we also suggest that Sn forward-oriented
(Sn-FO) configurations should give rise to a paramagnetic cen-
ter, here named ‘Sn(2) center’, where the unpaired spin is loc-
alized at a three-fold Sn atom featuring a weak long bond
with a three-fold O atom, of which a fingerprint may be dis-
cernible in the EPR spectra published in [11, 37, 38]. The
Sn-FO may alternatively be thought as a structure obtained
through the relaxation of an ionized twofold Sn atom [33].
We thus establish that not only are Sn-E’ centers the ana-
logue of E7 (i.e. Si-E') and Ge-E’ centers in silica, but also
that the orthorhombic EPR signal [11], i.e. the Sn(1) center,
has to be considered as the Sn counterpart of the Ge(1) cen-
ter in silica [33], and is not due to a variant of the Sn-E’
center as supposed in [11]. Furthermore the present invest-
igation bring a strong support in favor of an extended struc-
tural analogy between paramagnetic centers along the isoelec-
tronic series in pure silica, in Ge-doped silica and Sn-doped
silica [15, 17, 33].
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2. Theoretical methodology and modeling details

The calculations carried out in this work are based on
density functional theory. The Perdew—Burke—Ernzerhof
exchange-correlation functional has been adopted [39]. Norm-
conserving Trouiller-Martins pseudopotentials with gauge
including projector augmented wave (GIPAW) reconstruction
are used [40, 41] and the Kohn—-Sham wavefunctions are
expanded in a basis of plane waves up to a cutoff energy
of 80Ry. The I' point was used for sampling the Brillouin
zone [42]. Geometry optimizations and EPR parameters have
been obtained by means of spin-polarized calculations as
implemented in the QUANTUM-ESPRESsO (QE) package [43,
44]. The EPR parameters are calculated by exploiting the
GIPAW method as available in the QE package [32]. Tin iso-
tropic hyperfine couplings (Fermi contacts) are obtained by
including a scalar relativistic correction [45-47], while core-
relaxation effects are not considered, as they bring just a minor
correction of ~2%. Hyperfine calculations have been carried
out by using for the nuclear g-factors the values given for
stable isotopes as reported in [48] (in particular, for ''°Sn we
used gy = —2.09456). Actually tin in nature is found in sev-
eral stable isotopes of which those carrying a 1/2 nuclear spin
are 'Sn with 0.34% natural abundance, ''’Sn with 7.68%
natural abundance, and ''°Sn with 8.59% natural abundance.
Yet, as the nuclear g-factors for ''7Sn (—2.00208) and ''°Sn
(—2.094 56) are quite close, and concentration of ''>Sn is neg-
ligeable, in this paper we report Fermi contacts results based
on the '°Sn only. In fact the average Fermi contacts obtained
with all isotopes according to the natural abundance will only
show minor differences (e.g. ~2% in the case of Sn-E’ cen-
ters) with respect to results assuming the occurrence of ''”Sn
isotope only.

Preliminary g-tensor test calculations have been carried out
on the free radical SnHj; for which we calculatea Ag, =g, —
g. =46 780 ppm, that overestimates, by ~9.6%, the DFT
result of [49] based on the gauge-including atomic orbitals
approach, and is in excellent agreement with the ZORA result
(47031 ppm) obtained in [50]. In the presence of such con-
siderably large deviations of g principal values from the free
electron value g., [51] may suggest that the non-perturbative
‘converse’ approach [52, 53] could show an improved conver-
gence over system size with respect to linear response based
methods. Thus we here have run several tests calculations
for selected Sn-E’ and STE configurations, and found that
the g principal values obtained through the linear response
approach [32] overestimate by a shift of ~1000 ppm the g-
values obtained with the non-perturbative approach [52] (see
table S1 in the supplementary data file). The latter shifts,
which may roughly correspond to the finite size effect on
the g-tensor, however only weakly affect the relative differ-
ences g;o = g1 — &2 and g3 = g1 — g3 here employed for the
identification of the defects. In fact g;, and g3 are identical
between the two approaches [32, 52] within ~3%. Yet, [49]
points out that for a correct treatment of spin systems involving
high atomic numbers [54—56], higher orders in the spin—orbital
splitting should be included instead of up to first order in

the magnetic field. For the latter reason we may expect both
methods [32, 52] to present sizeable (a few ppt) deviations
for the g-tensor of S = 1/2 spin system involving an atomic
species with a rather large atomic number such as tin. Other
sources of systematic errors in the calculation of the g; val-
ues (up to ~2000 ppm) and hyperfine constant (few percent)
of the tin EPR centers under investigation may come from
the choice of the DFT flavour and pseudopotential genera-
tion details, e.g. inclusion in valence of semicores states (see
table S2 in the supplementary data file). Moreover, for the
smallest supercell size used in this work, minor size effects
on the hyperfine couplings and g-tensor principal values are
assessed to be up to ~4% and ~1000 ppm (see tables S3, S4
and figures S1, S2 in the supplementary data file). However
we estimate that the full analysis of the the systematic errors
mentioned here above is beyond the scope of the present

paper.

The two periodic Sn-doped silica supercells used in this
work contain 108 atoms and 144 atoms at the experimental
density (2.2gcm™3) and are hereafter referred to as model
I and model II, respectively. The original silica model I
and model II were previously employed to investigate sil-
icon oxygen deficient centers (Si-ODC) in v-SiO, [34, 57,
58] and later used in [33] for the discussion of Ge para-
magnetic centers in Ge-doped silica. On one side the chosen
models allow us to carry out test comparisons along the iso-
electronic series Si, Ge, Sn for the very same configura-
tions, on the other side by using two models we can con-
siderably increase the number (statistics) of forward-oriented
and STE configurations with respect to those analysed
in [33, 58].

In particular, we generated Sn-ODC configurations of the
Sn-E’ kind by replacing silicon atom (or germanium atom)
with tin for the silicon (or germanium) three-fold coordinated
site carrying the unpaired spin in ODC configurations of previ-
ous investigations [33, 58]. In this way we obtained more than
hundred Sn-E’ (puckered and unpuckered [58]) configurations
and about twenty Sn-FO configurations. Moreover, to generate
tin STEs in model I and model II, as starting configuration we
took the LDA ground states of [59] and [60, 61], respectively.
By replacing each Si with a Sn atom and by adding an elec-
tron to the system we obtain, after a first-principles relaxation
of the structure, a tin STE configuration, so that in total we
generated 84 tin STE configurations in these models [62]. We
relaxed the structure of each configuration using the Broyden—
Fletcher—Goldfarb—Shanno algorithm [43]. A force threshold
of 0.0005 Ryd/bohr has been adopted. Tests carried out on Sn-
E’ configurations using a variable cell relaxation scheme to
relax the simulation cell lead just to minor changes on g values
(e.g. for g5 and g3 we register variations of ~5%) not affect-
ing the conclusions of the present work. We have also carried
out EPR parameters calculations for a few positively charged
Sn—Si dimer configurations, obtained as explained here above
from Si-Si dimer [i.e. Si-ODC(I)] configurations of [20, 58]),
which show A, ('°Sn) < 100 mT, thus indicating that Sn—Si
dimers are not relevant for the discussion of the Sn-E’ variants
of [11, 37].
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Table 1. Geometrical parameters (Sn—O, Sn—H and O—-Sn—O angle) and absolute values of Ajs(H), Aiso(119Sn) hyperfine couplings of H(III)
paramagnetic centers as calculated in this work (TW) and as obtained in [35] by using DFT-B3LYP for the atomic cluster [(H3SiO), Sn—H].
We also report the experimental hyperfine splitting given in [17] for H(III) centers. Standard deviations are given in parenthesis.

Sn-0(A)  Sn-H(A)  0-Sn-0(°)  |AwM)| mT)  |Ai('"*Sn)| (mT)
™W 2.02(2) 1.77(0.2) 98.9(6.7) 15.4(2.8) 301.8(17.7)
DFT-B3LYP [35] 1.95 1.79 14.7 —
EXPT. [17] — — 15.0 —
3. Results when no other information on the hyperfine coupling constants

3.1. EPR parameters of H(lll) centers

As far as we know, Sn-related paramagnetic defects e.g. Sn-E’
centers in silica have not been theoretically studied (in partic-
ular not using large periodic supercells) apart from [35] where
twofold Sn and H(III) centers [17] were investigated using
DFT/HF based calculations on the atomic cluster [(H3SiO),
Sn—H]. In particular, the H(IIT) centers were attributed to the
occurence of Sn atoms coordinated by two oxygens and a
hydrogen atom [35, 63]. In this work, prior to the study of Sn-
E' centers, we investigate H(IIT) centers as a preliminary study
for which comparisons can be carried out with both exper-
iments and previous theoretical calculations [17, 35]. Using
the twofold Ge/H(II) configurations discussed in [34] we could
generate H(IIT) configurations in the silica model I, after repla-
cing Ge with Sn atom as mentioned hereabove in the methods
section.

Concerning the geometrical parameters of the ground state
of H(III) paramagnetic centers, in [35], the all electron DFT-
B3LYP results indicate a Sn—O bond length of 1.95 A, close
to the one reported for the twofold Sn atom ~1.9A [35],
while the Sn—H length is 1.79 A and with a O-Sn-O angle
of 94°. The hyperfine coupling constant A;s,(H) calculated
at DFT-B3LYP level in [35] is 14.7 mT, close to the experi-
mental value of [17] of 15.0mT. In table 1 we show the res-
ults of our calculations for H(III) centers and compare them
to [35] and [17]. In our calculation the Sn—O bond length
is slightly (~3%) longer (i.e. 2.02 A), while the Sn—H bond
length is slightly (~1%) shorter than in [35], whereas the O-Sn-
O angle is sensibly wider (~5%) than given in [35] . The aver-
age Ajso(H) calculated for our H(IIT) configurations (15.4 mT)
is in fair agreement with the experimental findings (15.0 mT)
of [17] and the cluster calculations of [35], thus supporting
our DFT setup for the investigation of the Sn-E’ centers that
is discussed in the next sections. Furthermore, the calculated
hyperfine coupling constant, Ajs,(''°Sn), although it is quite
large (~300 mT), consistently with ESR data of tin-centered
radicals [64, 65] which show very large isotropic hyperfine
splitting constants (~200mT), it is considerably smaller than
reported by Chiodini er al [11, 16], thus further ruling out the
possible occurrence of H(III) centers in those experiments. At
variance, the average g principal values we calculate for our
H(II) configurations, g; = 2.0029, g, = 1.9932, g3 = 1.9774,
correspond to g =0.0096 and g;3 = 0.0255 values which
are not so different from those calculated for the STE and
Sn-E’ centers (see next section), and thus would not allow,

was provided, to exclude the presence of H(III) centers in the
experiments of [11, 16].

3.2. Structural properties of the Sn-E'-like and Sn-FO
configurations

In Sn-doped v-SiO,, the Sn—O bond length in the Sn-E’-like
configurations is found to be on average ~2.00 A with a stand-
ard deviation (std) of 0.02 A, sligthly shorter than the exper-
imental estimate of ~2.05-2.09 A in rutile SnO, [66, 67]
which features edge and corner-sharing SnOg octahedra. Bond
angles O-Sn-O are slightly narrower (~102°) than reported
for Ge-E’ in silica [33].

As compared to the case of the Si—FO [58, 68], the structure
of the Sn—FO configurations is quite strained and at first sight
considerably more similar to the one of a twofold coordinated
Si/Ge atom [33]. The difference between Si—-FO and Sn—FO
structures is especially evident when looking to the OF/—Sn
and OP1-Si bond distances formed by the three-fold coordin-
ated oxygen (OP): in the Sn—FO structure, the latter OP-Si
distances are slightly longer (~1.75 A) than usual Si—O bond
in silica (1.6 /0\), while the former OP—Sn distance is remark-
ably longer (~2.3 A). By contrast for the Si—FO structure all
the OB)-Si bond distances are ~1.8 A [58]. The two normal
Sn-O bonds of the Sn-FO have a bond length of 1.98 (0.03) A,
while the bond between the three-fold Sn and the three-fold O
is remarkably longer (~15%) (figure 1(a)). The spreading of
the latter bond is double (0.06 A) than it was found (0.03 A) for
the corresponding bond in Si—FO configurations in pure silica
[58], thus suggesting an increased structural disorder of the
Sn—-FO configurations. The average O—-Sn—O angle in Sn—FO
configurations is about 97.6°, considerably smaller than the
value associated with sp® hybridization (i.e. 109.47°). More
specifically, in these configurations, the lowest O—Sn—O angle
is about 87.4° with a standard deviation of 6.6°. The largest
0-Sn-0 angle (between the two normal Sn—O bonds) and the
last one are on average ~106.9° and 98.4° with standard devi-
ations of ~6.9° and 7.8°, respectively.

The spin-density of the Sn-E’-like configuration is mainly
localized on the three-fold Sn atom, and, to a minor extent,
equally shared among the three oxygen nearest neighbors
(figure 1(a)), consistently with the typical shape of the spin-
density in Si-E’ and Ge-E’ centers in v-SiO, [33, 58, 69].
At variance for the Sn—FO configuration, the sharing of spin
density is different among the three oxygen nearest neighbors
(figure 1(b)), and it is indicative of an orthorhombic center.
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Figure 1. Ball and stick models [70] and spin densities (shadowed) of (a) a Sn-E’ configuration, and of (b) a Sn forward-oriented (Sn-FO)
configuration. O atoms (red), Si atoms (light brown) and Sn atom (light grey) are shown. Principal directions of the g-tensor are shown with
blue arrows. For plotting the spin density a isovalue corresponding to 5% of grid maximum was used. Approximatively, the local symmetry
(rotation) axis of the threefold coordinated Sn center provides the principal direction (v;) relative to g; ~ g. in table 2.

Table 2. Configuration type, calculated average g principal values and Fermi contacts \AiSO(HQSn)| (in mT) of Sn—-FO, STE and Sn-E’-like
configurations in Sn-doped v-SiO, compared to available experimental data ([11, 24, 37]). Standard deviations are given in parenthesis.

(g2=g1—g and g13 = g1 — &3).

References g1 I2 23 g2 g13 [Aiso( ! 19Sn) |
Sn-FO (This work) 2.0043(11) 1.9986(31) 1.9649(57) 0.0057(25) 0.0394(59) 432(59)
STE (This work) 2.0028(8) 1.9961(22) 1.9843(36) 0.0067(25) 0.0186(31) 480(40)
Sn-E’-ortho (Expt. [37]) 1.998 1.987 1.975 0.0110 0.0230
Sn-E’-ortho (Expt. [11]) 1.994 1.986 1.975 0.0080 0.0190
Sn-E’-like (This work) 2.0035(5) 1.9892(29) 1.9810(37) 0.0144(28) 0.0225(37) 413(45)
Sn-E’-axial (Expt. [37]) 1.998 1.976 1.976 0.0220 0.0220 —
Sn-E’-axial (Expt. [11]) 1.994 1.977 1.977 0.0170 0.0170 434
Sn-E’ (Expt. [24]) 1.9982 1.9836 1.9794 0.0146 0.0188 —

3.3. EPR parameters of the Sn-E'-like and Sn-FO
configurations

In table 2 we show the results of the ''”Sn Fermi contact
[Aiso('"”Sn)] and g-tensor calculations of Sn-E’-like and Sn—
FO configurations in model I and II of Sn-doped silica. The
Sn-E’-like configurations (figure 1(a)) give rise to broad dis-
tributions of g; values (figure S2 in the supplementary data
file) whose averages are compared in table 2 to the experi-
mental data reported for the Sn-E’ (axial) center in Sn-doped
silica [11, 24, 37]. At variance with [11, 37], our results indic-
ate for the Sn-E’ center a slight orthorhombicity (near axial-
ity), analogously to the one previously observed for the Ge-
E' centers in Ge-doped silica glass [71] and quartz [72]. The
average gi, g2, and g3 values suffer of some overestimation
of ~5000 to ~10000 ppm with respect to the experimental
estimates. Incidentally we note that these overestimations
exhibit a tendency to increase along the isolectronic series
of Si-E’ [58], Ge-E’ [33] and Sn-E’ centers. Considerably
large (~1000 to ~10000ppm) overestimations of g; prin-
cipal values have also been reported for calculations of other

S=1/2 centers in wide bandgap oxides/nitrides involving
atomic species of the fourth and fifth rows of the peri-
odic table [73, 74]. The overestimation errors on g; how-
ever tend to cancel out when considering g;» and, above
all, g3 values for which we find a good agreement with
the most recent experiment [24] and still a fair agreement
with the axial Sn-E’ of [11]. The calculated Ais,(''*Sn) of
Sn-E’-like configurations on average underestimates only by
~5% (21 mT) the huge experimental value of 434 mT given
in [11] (table 2). The dipolar (anisotropic terms) for Sn-E’
centers are quite small (|Agip|/Aiso ~6%) as compared to the
isotropic (Fermi contact) term, as typical of E’ centers in
silica [58].

In figures 2(a) and (b) for each Sn-E’ and Sn-FO config-
uration we show the Aj,(''°Sn) plotted versus gi» and g3
values. The plots, as previously found for Ge-doped silica
[33], reveal the existence of two distributions of EPR paramet-
ers, the first one pertaining to the Sn dangling bond as found
e.g. in puckered configurations [58], and quite well corres-
ponding to the axial Sn-E’ center [11]. A second distribution
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Figure 2. Calculated |Ai50(1 ]9Sn)\ Fermi contacts of Sn-E’-like (blue squares) and Sn—FO (green filled squares) configurations in our models
I and II plotted vs (a) g12 = g1 — g2 and (b) g13 = g1 — g3 wWhere g; are the g tensor principal values. Experimental data for the orthorhombic
EPR signal (vertical dot-dashed line [11] and dotted line [37]) and axial EPR signal (red disc [11], red filled square [37]) are shown.

with markedly different average g, and g3 values (table 2)
arises from Sn—-FO configurations. Both distributions show
large variations in the hyperfine couplings: Aj,(''°Sn) var-
ies from ~320 to ~550 mT. The spreads of the distributions
shown in figures 2 reflect the different local bonding environ-
ment experienced by each configuration [33, 58].

In analogy with the case of Ge-doped silica [33],
figures 2(a) and (b) strongly suggest that Sn-E’-like and Sn-
FO configurations should give rise to two well distinct EPR
signals. In particular, the Sn—FO configurations should mani-
fest themselves with a not-yet identified EPR signal hereafter
named as the Sn(2) center. Moreover, figure 2 indicates that
the orthorhombic signal of [11, 37] can not be attributed to
Sn—-FO configurations. In fact, for the latter, g?g‘FO is about
twice the one of the orthorhombic EPR signals of [11, 37].
Furthermore for the vast majority of our Sn-E’-like configur-
ations, the calculated gf‘z’_E "is ~30%-50% larger than repor-
ted for the orthorhombic Sn-E’ variant [11, 37], thus mak-
ing a Sn-E’ center (figure 1(a)) a not so likely explanation of

the orthorhombic signal [11, 37]. In addition, we have also
checked the hypothetical origin of the orthorhombic signal as
due to the distortions arising when other Sn atoms are included
in the second nearest neighbors shell of the central threefold
Sn atom [11]. In fact we have calculated the g-tensor for a rep-
resentative Sn-E’ configuration where we considered a varying
number (i.e. zero, one and two) of Sn next-nearest neighbors of
the central threefold Sn atom. Upon replacing a Si next-nearest
neighbor with a Sn atom, Sn—O bonds of the Sn-E’ center are
uniformly elongated by ~0.01 A while the average O-Sn—-O
angle only slightly decreases by ~1°. Upon a second Si with
Sn replacement we register again similar variations with a final
average Sn-O of ~2.02 A and O-Sn-O angle of 101.1°. As
shown in table 3, the symmetry of the g-tensor is only weakly
affected by the amount of Sn neighbors atoms. In particular
both g, and g3 are always larger than ~0.0162 which under-
mines the interpretation of the orthorhombic Sn-E’ as due to
the varying number of Sn next-nearest neighbors of a threefold
Sn center (figure 1(a)).
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Table 3. Calculated g principal values for a representative Sn-E’-like configuration in model I where we considered a varying number of Sn

next-nearest neighbors (NNS") of the central threefold Sn atom.

NNS? g1 &

83 812 g13
0 2.0033 1.9871 1.9788 0.0162 0.0245
1 2.0042 1.9872 1.9828 0.0170 0.0214
2 2.0049 1.9883 1.9822 0.0166 0.0227

/ s

7 rd

F\f*\

Figure 3. Spin densities (shadowed) and principal directions (blue arrows) of the g-tensor of (a) a tin STE configuration of the
orthorhombic ‘Griscom type’. The principal direction (v;) relative to g1 ~ g is along the bisector of the wide O-Sn—O angle (159.7°), (b) a
tin STE configuration of the ”quasi-axial” kind featuring a widest O—Sn-O angle of 131.8°. The principal direction (v;) relative to g; ~ ge

is almost parallel to a Sn—O bond.

3.4. STE configurations at a fourfold coordinated Sn site: the
Sn(1) center

In the tin STE configurations, figure 3, the SnO4 tetrahedron
is distorted from the ideal geometry (point group Tg4) as con-
sequence of the localization of an extra electron in close ana-
logy with the electronic structure of the Ge(1) center in Ge-
doped silica [33, 36]. The vast majority (~80%) of the tin STE
here calculated are markedly of the orthorhombic kind, here-
after also called ‘Griscom’ kind [75, 76], shown in figure 3(a).
In the Griscom STE, following the capture of the electron at a
SnOy tetrahedron, one O—Sn—O angle opens up (~140—170°)
with the two Sn—O bonds becoming slightly longer (~2.1 A)
with respect to the usual bond length in Sn-E’ (~2 A). In
figure 3(b) we show the structure and spin density of another
kind of geometry for the tin STE configuration. The SnO; tet-
rahedron is also quite strained, resembling a pyramid, with
oxygen atoms at vertexes and the Sn atom at the center of the
basis (i.e. lying on the O—-O-O plane, with O-Sn—O angles
smaller than 140°), and with the spin-density of the unpaired
electron localized around the Sn atom, on the basis (O—0-0)
of the pyramid.

In table 2 we give the average g-values and A, (''?Sn)
Fermi contact calculated for the STE configurations in our Sn-
doped silica models (figure 4). As seen for the Sn-E’ and Sn—
FO, the absolute values of Aio(*'°Sn) calculated for the tin
STE configurations are huge, on average ~490 mT, about 20%
larger than those calculated for the Sn-E’ configurations. Such
a relative difference corresponds to the relative difference

between the Fermi contacts of Ge(1) and Ge-E’ centers [33].
Dipolar (anisotropic terms) calculated for the tin STE config-
urations are even smaller (|Agip|/Aiso ~1.3%) that those found
for the Sn-E’ centers. This is very close to the weight of dipolar
terms as calculated for the Ge(1) center in silica (~2%) [33,
69]. The Ay, values given in table 2 indicate a strong compon-
ent of the Sn 5s orbital in the unpaired electron wave func-
tion. In terms of total wave function, the contribution of the
5s orbital (based on the formula C? = Ajso /Ay where A; refers
to the free atomic value [77]) is around ~30%—-40% [11, 31]
for the tin STE, to be compared with the estimate of 35% of
Watanabe et al [77] given for the Ge center.

Figure 4(b) shows the existence of a trend between the
Ajso(Sn) and the g3 values in the STE configurations. Such
a trend is related to a structural variation of the SnQOy, tetra-
hedron, in analogy with what was previously remarked in Ge-
doped silica [33]. In fact, in figures 5(a) and (b) we show the
existence of a dependence of the g1,, g13 and Aj5o(Sn) values on
the widening of an O—Sn—O angle of the tin STE (figure 3(a)).
Figures 5(a) and (b) confirm and generalize the analogous rela-
tion described for the Ge(1) centers in [33] but based on a very
small number of configurations. For O-Sn—O angles smaller
than 140°, one can find several STE configurations that can be
classified as quasi-axial or nearly axial as shown in figure 3(b).
Quasi-axial STE configurations tend to show larger A;s, and
also larger g; values (by ~1000ppm) than Griscom’s STE.
On average quasi-axial tin STE feature the following g-tensor
principal values g; = 2.0035, g» = 1.9936 and g3 = 1.9881.
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Figure 4. |Ais(,(1 19Sn)\ vs g12 and g3, as here calculated by first-principles for tin STE configurations in model I and model II (blue
squares). Experimental data of the axial Sn-E’ (red [11] and blue [37] discs) and orthorhombic EPR signals (red [11] and blue [37] vertical

lines) are shown.

4. Discussion

In Ge-doped silica the Ge(1) and Ge-E’ centers are univer-
sally attributed to an electron localized at a four-fold Ge atom
and to a Ge paramagnetic defect analogous to the E(Y in SiO,
respectively [33, 75, 78]. The origin of the Ge(2) defect, detec-
ted in both Ge-doped SiO, [22, 71, 79-83], and high purity v-
GeO, [84], has been very controversial for long time and only
recently clarified thanks to first principles calculations [33].
In the present paper, by exploiting the paramagnetic centers
configurations generated in the adopted model I and II of v-
Si0; [33, 58], we show that the EPR signals due to Sn para-
magnetic defects discussed in [11, 37] have to be ascribed to
two different kinds of Sn point defects. A first kind, corres-
ponding to the axial EPR signal in [11, 37], has to be attrib-
uted to a defect analogous to the E” in SiO; i.e. a Sn-E’ cen-
ter which is a hole trap (figure 1(a)). A second kind, respons-
ible for the orthorhombic EPR signal in [11, 37], has to be
attributed to a point defect, analogous to the Ge(l) center,
consisting in an electron trapped at a SnOy4 tetrahedron i.e. a
Sn(1) center (figure 3). We note that such an electron center,

the Sn(1) center, provides a more likely explanation for the
absorption bands at ~4.4 and ~5.4 eV than the model put for-
ward by [15], i.e. the (Sn4+)* center, which requires a six-
fold coordination for the tin atom that is never realized in our
calculations and seems very unlikely for low tin concentra-
tion in silica. The considerable disorder broadening in figure
3(c) of [11] was regarded as attributable to the expected occur-
rence of a subset of low-symmetry Sn-E’ variants arising from
Sn sites coordinated through bridging oxygen atoms bound to
three unequivalent atoms, in particular to combinations such
as two Si and one Sn, or one Si and two Sn. We note that
the former would involve two close Sn atoms (the central one
hosting the unpaired spin) and the latter a cluster with three
nearby Sn atoms, which for low Sn concentrations might be
very questionable. Moreover, by direct testing (table 3) we
could rule out the relevance of these configurations as far as
concerns the orthorhombic EPR signal of [11, 37]. The Sn(1)
center add upon the known series of electron centers trapped
at a tetrahedral impurity in silica, together e.g. with the P,
and the Ge(1) centers [33, 76, 85]. The existence of another
similar electron center, that we here label as the Si(1) center,
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of the Sn tetrahedron in the tin STE configurations of model I and model II.

was put forward based on theoretical calculations by El-Sayed
et al [78], but has not yet been confirmed by experimental EPR
investigations.

As far as concerns the result of [11, 24, 37] we also sug-
gest that the analogy between Sn-doped silica and Ge-doped
silica can be pushed further, and that a Sn(2) center may exist
(figure 1(b)), though less abundant than the Sn(1) and Sn-E’
centers, and be the tin analogous of the Ge(2) and E!, cen-
ters. From an experimental point of view, the EPR spectrum
of the Sn(2) center could be obtained after the subtraction of
an appropriate fraction of the Sn(1) and Sn-E’ signals simil-
arly to the procedure usually adopted for obtaining the Ge(2)
spectrum. The width of the EPR signal provides the relative
difference g3 = g1 — g3 between gy, g3 values:

hv hv

- 1
g13 HF  Hap (D

where (3 is the Bohr magneton, H; and Hj; are the field pos-
itions of the main positive peak and of the farthest negative
peak, respectively. Hence, the g3 value can be known with a

very good accuracy as it corresponds to the whole width of
the Ge(2), or Sn(2), EPR signal and is not biased by offset
errors that could affect the experimental estimate of the g prin-
cipal values. At variance, the g;» = g; — g» value is obtained
by finding the first zero crossing value on the high field side
of the main peak [76, 83]. This procedure however can lead to
a considerable position error in g, values seen in experiments
[83, 86].

From Chiodini’s data of [37], by using the equation (1),
and by assuming that the small dimple located at ~350 mT in
figure 2 of [37] is a fingerprint of the Sn(2) center, we estim-
ate, with » =9.6 GHz, a g3 value of ~0.0360 that is within
one std from the average g3 value (0.0394) given in table 2 for
the Sn—FO configurations. We note that in [33] the calculated
g13 of Ge-FO configurations coincides with the experimental
g13 values of the Ge(2) center and are clearly larger (double)
than g3 values of other centers like Ge-E’ and Ge(1) centers.
Hence, we infer that the calculated g;3 values obtained in this
work for Sn—FO should be very close to those that one could
extract from the experimental spectra for the here identified
Sn(2) center.
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Table 4. Isoelectronic series (X = Si, Ge, Sn) of several point defects in silica as nowadays known from the present investigation and from
[11, 17,33, 35, 58, 78, 88]. The dotted X is used to indicate the atom hosting the unpaired electron. Dashes — and—indicate the bond with a
bridging oxygen atom and with a threefold-coordinated oxygen atom, respectively. The * indicates still under debate, not yet observed with

EPR.
X =X =X— (XO4) —X— =X-H
Si E, E. Si(1)* twofold Si H()
Ge Ge-E' Ge(2) Ge(1) twofold Ge H(I)
Sn Sn-E’ Sn(2) Sn(1) twofold Sn H(ID)

Moreover, Ag values for E’-like centers in silica are, within
first-order perturbative approximation [72, 87], proportional
to the spin—orbit coupling constant A\. Thus we may infer that
a Sn(2) center should possess a g1n > = (Aga/Ace)gx® and
also that [11, 33]:

o _ gl 0.0170/0.007 = 2.43. @
)\Ge g%eiE

Keeping into account that for Ge(2) the g3 is 0.00143 [71],
we may roughly estimate for the Sn(2) center:

()

)\Ge

This value is quite close to the g3 values as calculated from
first-principles for the Sn—FO configurations (table 2) and also
as estimated here above using equation (1). The larger spin—
orbit coupling of Sn with respect to Ge also supports a non
zero value for the g3 = g» — g3 difference in Sn-E’ centers.
In fact, for Ge-E’ centers an experimental estimate [71] of
g23 = 0.0010 was given, and by following similar reasonings
as here above one could then estimate for Sn-E’ centers a go3 ~
0.0025, which is not so far from the experimental g3 = 0.0042
of [24]. Moreover our calculations (table 2) further support
a slightly orthorhombic (nearly axial) g-tensor for the Sn-E’
centers rather than an ideal axial symmetry as it was assumed
in[11].

Concerning the (neutral) defect precursors of Sn-E’ centers,
Hayakawa et al [24] suggested that a conversion of twofold
Sn centers to Sn-E’ centers could take place in x—ray irradi-
ated 5Sn0,-95Si10, glass. Hayakawa et al [24] also supposes
that the conversion from twofold Sn centers to Sn-E’ centers
should be similar to the one observed in irradiated Ge-doped
SiO, glass where the optical absorption due to the twofold Ge,
i.e. the germanium lone pair centers (GLPC), is bleached under
irradiation with concomitant generation of Ge(1), Ge-E’ and
Ge(2) centers [22, 33]. The present investigation further sup-
ports the radiation induced generation mechanisms proposed
by [24], since a strict analogy exists in silica between the fam-
ily of Ge paramagnetic and Sn paramagnetic centers (table 4).
The Sn—FO, in analogy to Si—-FO and Ge-FO configurations,
should be generated by the ionization of a twofold coordinated
Sn atom and subsequent relaxation of the defect structure [33,
58]. It is however quite likely that the relative concentration
ratios of Sn(1), Sn-E’ and Sn(2) centers will differ with respect
to those observed for Ge centers. However a precise evaluation
of these ratios is beyond the scope of the present paper.

Sn(2) _
13 -

Ge(2)

13 =2.43-0.00143~0.0350. (3)

5. Conclusion

In conclusion, our study, by analyzing the EPR parameters dis-
tributions of a large amount of defect configurations, provides
evidence for an assignment of the orthorhombic EPR signal
found by Chiodini ef al [11] to a Sn(1) center, structurally
analogous to the Ge(1) center [33], consisting in an unpaired
electron trapped at a distorted SnOy, tetrahedron. Furthermore,
we argue that a Sn(2) center arising from Sn—FO configur-
ations should also appear in the EPR spectra, and in par-
ticular we suggest its presence in the EPR spectra of [37].
More specifically, the Sn(2) center arises from an unpaired
spin localized at a three-fold Sn atom which is bonded to a
three-fold oxygen atom through a weak Sn—O bond, ~0.3 A
longer than usual Sn—O bonds of Sn-E’ centers in Sn-doped
silica.

The successful identification, by means of first-principle
calculations of EPR parameters, of the two Sn paramag-
netic defects in Sn-doped silica, the Sn(1) and Sn(2) centers,
allows us to infer that an extended analogy exists between
the family of Ge paramagnetic defects and the one of Sn
paramagnetic defects for low Sn doping content. Moreover
the larger number of Sn(1) configurations here analyzed with
respect to the Ge(1) configurations of [33] allows us to infer
a better description also of the electronic structure of the
Ge(1) center which, similarly to the Sn(1) center, should arise
mainly from markedly orthorhombic tin STE configurations
(figure 3(a)).

Yet, given the higher ionicity of Sn—O bond with respect
of the Ge-O bond, and given the likely smaller energy bar-
riers for defect diffusion and interconversion in Sn-doped
silica with respect to Ge-doped silica, the thermal and aging
behavior of the Sn(1) and Sn(2) centers may differ sub-
stantially from the one observed for the analogous Ge-
related centers. We hope that the latter issue and as well as
the optical activity (absorption/emission...) of the Sn-related
defects will be matter of future investigations which will be
necessary for a complete overview/understanding of Sn point
defects in silica, and that eventually will support a wider
usage of Sn-doped silica for applications in fiber-optics and
microelectronics.
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