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ABSTRACT: In this work, we carry out a first-principles investigation of
intrinsic paramagnetic point defects in P2O5 and in Na2O−P2O5 glasses as a
representative of alkali phosphate glasses. Glass models are generated by
combining classical molecular dynamics and Monte Carlo simulations and
validated by comparing their corresponding structure factors with the
available X-ray and neutron scattering experiments. We use density functional
theory to calculate the electron paramagnetic resonance parameters for a large
set of paramagnetic oxygen-vacancy configurations. Our investigation, also by
unveiling the effect of the local environment and disorder on the hyperfine
tensor, enables us to propose a new model for the much debated P3 center. In
particular, we establish the occurrence of two variants, which we name P3

a and
P3
b centers, that are instrumental to explaining the experimental shifts of the

hyperfine splittings observed in alkali phosphate glasses as a function of the alkali content x in the phosphate glass. Our scenario
predicts that for low to intermediate alkali contents (0 < x < 50%), a mixture of P1 and P3

a centers should be generated under
irradiation. For x > 50%, essentially only P3

a and P3
b centers would be generated, while P1 will be absent. Therefore, our findings, by

providing an improved mapping of P centers in phosphate glasses, pave the way for fine-controlling/tuning the optical absorption in
a wide range of technological applications.

1. INTRODUCTION

Phosphate-based glasses have been the object of considerable
interest during the last 3 decades because of their unique
optical and physical properties.1−8 For instance, phosphate-
based glasses are biocompatible and thus can be employed to
develop in vivo applications such as bioresorbable optical
fibers.9 Furthermore, as phosphate glasses exhibit a high
solubility of laser-active rare-earth ions and a low thermo-optic
coefficient, they are suitable materials for high-power lasers and
fiber amplifiers.2,10−12 Thanks to their low Tg, phosphate-based
glasses are also currently foreseen as sealing materials for future
laser welding applications.13 In addition, phosphate glasses,
and in particular Ag-doped phosphate glasses, have been
widely employed for dosimetry applications.14,15 Interestingly
enough, several of the abovementioned applications rely on
and can benefit from a proper understanding and controlling of
point defects in phosphate glasses.
The detailed study of the network topology of sodium

phosphate glasses started in the 1950s.16−18 Since then, it
became clear that the network topology in alkali phosphate
glasses mainly consists of long chains of connected PO4 units
cross-linked, eventually, to other chains by metal cations
through nonbridging oxygen atoms.19 Depending on the
number of nonbridging oxygen atoms at a given phosphate
tetrahedron, the PO4 unit is addressed as Q3, Q2, and Q1 (or

even Q0) for one, two, and three nonbridging oxygen atoms,
respectively. By incorporating alkali modifiers, such as Na2O,
into a P2O5 matrix, one can change the short- and
intermediate-range order by inducing a further depolymeriza-
tion of the network.20−22 As a consequence, the concentration
ratio Q2/Q3 increases with the alkali content (see also refs22−24

for first-principles calculations). Consistently, the network of
the Na2O−P2O5 (or NaPO3) glass, which is stoichiometric in
the ratio between P and the alkali modifier Na2O, is regarded
as to be based on Q2 units only,25−27 at variance with the ideal
network topology of pure P2O5 glass, which is based on Q3

units only.28

Contrary to the broad agreement reached by the community
on the main features of the network topology, experimental
results and derived hypotheses on defect centers are scarce and
sometimes controversial.29,30 Investigation of point defects in
irradiated phosphate glasses started in the 1960s on sodium
metaphosphate (NaPO3).

31,32 Weeks and Bray33 found, by
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means of electron paramagnetic resonance (EPR) spectrosco-
py, three signals, labeled P1, P2, and P3, two of which were
related to the formation of oxygen-deficient centers (P1 and
P3). The hyperfine splittings (hfs) shown by the P1, P2, and P3
signals are ∼95, ∼130, and ∼70 mT, respectively.33 In more
recent years, hfs similar to those of the P1 or P3 centers have
also been found in fluoride phosphate34−37 and in zinc
phosphate glasses.38

While the identification of the point defects originating P1
and P2 centers is not under debate, the origin of the P3 center
has remained rather elusive. Weeks and Bray33 refer to an
electron trapped at a nonbridging oxygen vacancy as an
explanation of EPR signals such as P3. In ref 32, a 72.5 mT
doublet (P3) in the electron spin resonance (ESR) spectrum of
sodium polyphosphate glass was attributed to the presence of a
hole trapped by a three-fold coordinated phosphorus atom,
that is, a PO3 unit. More recently, Bocharova et al.37 reaffirmed
the association of doublets with hfs ∼70−80 mT to the
occurrence of three-fold-coordinated phosphorus atoms,
however, without being conclusive about the nature of their
hole- or electron-trapped centers. Although it has recently been
remarked by Pukhkaya et al.29 that a Q2 unit is required as a
precursor for P3 center formation and that P3 is likely to be a
hole trap, the electronic structure model of the P3 center is still
under debate, and hypotheses formulated so far (e.g., a P1
defect in a deformed PO4 tetrahedron29) rely on little data,
chiefly on hyperfine parameters.
Concerning the g tensor principal values, the available data

are contradictory. For example, the data from Ebeling et al.39,40

report of EPR centers in metaphosphate glasses, in particular of
an electron-trapped paramagnetic center at threefold-coordi-
nated P, regarded as responsible for a hyperfine doublet with
hfs of ∼80−90 mT and with g ≃ 2.064. These data disagree
with those of Weeks and Bray33 who provide a value ⟨g⟩ ≤
2.02 for P1 and P3 centers.

41

In order to provide a clue to settle the long-standing debate,
a modeling study from first principles is highly essential.
However, in contrast to the case of point defects in crystalline
materials, the study of point defects in glasses is significantly
more complex. It is, first, necessary to generate reliable
structural models, large enough to include solid-state effects. In
addition, because of the structural disorder, the local
environment of the point defect can vary sensibly from a site
to another. Thus, the size of models should provide large
enough statistics to take into account inhomogeneous
broadening, which is essential to improve our understanding
of physicochemical properties and/or to predict the behavior
of defects.
In this work, we generate reliable glass models to discuss the

structural origin and assignment of P centers in phosphates and
metaphosphate glasses by means of density functional theory
(DFT)-based EPR spectroscopy. The stochastic nature of the
local environment in the glass has been taken into account not
only through extensive first-principles calculations but also, as
obtained therefrom, by means of suitable bivariate normal
distribution broadenings which help to clarify the effect of
spatial variations on EPR parameters. Such a representation
provides an improved picture of how the local environment
impacts on EPR parameters and allows for more straightfor-
ward and meaningful comparisons with the experimental
results. In particular, by considering the oxygen vacancies
generated in NaPO3, P2O5, and P-doped SiO2 glass models
and, on the basis of systematic cross-checks and comparisons,

allowing to overcome possible DFT biases and scarcity of
experimental data, we propose a new model for explaining the
origin of the debated P3 center. Essentially, we establish the
occurrence of two variants, which we name P3

a and P3
b centers.

The calculated relative Fermi contact of P3
a with respect to P1 is

in agreement with the experimental differences of hfs available
for P1 and P3 centers. Finally, the proposed existence of two
variants of the P3 centers allows explaining the observed shifts
of the Fermi contacts for varying alkali contents.

2. METHODS
The calculations presented in this work are based on DFT. The
codes we used are freely available with the Quantum-Espresso
package.42,43 The Perdew−Burke−Ernzerhof (PBE) exchange
correlation functional44 has been adopted for the present
calculations due to its reliability proven in similar systems.45,46

Norm-conserving Trouiller−Martins pseudopotentials are
used,47 and Kohn−Sham wave functions are expanded on
the basis of plane waves up to a kinetic cutoff of 70 Ry.
The point-defect configurations analyzed hereafter have

been obtained using two models of sodium phosphate (SP)
glass (i.e., NaPO3) consisting of a periodic supercell containing
100 atoms (480 valence electrons) with 20 regular corner-
sharing PO4 tetrahedral units. Regular PO4 units in P2O5 and
in (Na2O)x−(P2O5)1−x glasses may exhibit one, two, or three
normal P−O bonds, where O is a bridging oxygen atom, and
correspondingly three, two, and one P−Onb bonds, where Onb
is a nonbridging oxygen atom (P−Onb bond might be P−O or
PO, where “” refers to a double bond or π-bonding
according to some authors21). Such PO4 units are hereafter
referred to as Q1, Q2, and Q3 tetrahedral units, respectively. By
means of the reverse Monte Carlo (RMC) approach, we
generate a model with 100 atoms, hereafter labeled the RMC-
SP model. RMC modeling is performed using the RMC++
code.48−50 For the RMC model generation, in the first step, we
perform an initial hard-sphere Monte Carlo run (i.e., RMC w/
o diffraction data) with the following constraints: each P atom
is coordinated by two nonbridging oxygen atoms at a distance
of 1.4−1.5 Å and two bridging oxygen atoms at 1.5−1.7 Å;
each nonbridging oxygen atom is coordinated by one P atom
at a distance of 1.4−1.5 Å, while each bridging oxygen atom is
coordinated by two P atoms at a distance of 1.5−1.7 Å. In the
second step, we run RMC with X-ray and neutron structure
factors, S(Q).51

The numerical procedure adopted for the generation of a
NaPO3 glass model using classical molecular dynamics
(hereafter labeled CMD-SP) is based on ref 52. The CMD
simulations are carried out with the help of the LAMMPS
code.53 The atomic coordinates of atoms, as obtained by RMC
and CMD modeling, were refined further by means of a first-
principles relaxation (force threshold, 0.0025 eV/Å). Geom-
etry optimizations of the undefected models and of oxygen-
vacancy configurations have been carried out through spin-
polarized calculations. Configurations of paramagnetic centers
are obtained by removing a terminal oxygen from one PO4
tetrahedron and then by performing a first-principles relaxation
of the atomic structure which is put in a positive charge state.
Next, EPR parameters (the hyperfine tensors A and g
tensors54) are calculated using the QE-GIPAW code. The
latter code exploits the gauge including projector augmented
wave (GIPAW) method for the calculation of the EPR
parameters.55 EPR g tensor calculations were performed using
a convergence threshold of 5 × 10−14 Ry2 for the
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diagonalization and for Green’s function solver of the QE-
GIPAW module. We also investigate the oxygen-vacancy
paramagnetic centers in two recently generated models28 of
vitreous P2O5, both consisting of a 112-atom supercell with 32
regular corner-sharing PO4 tetrahedral units. Moreover, for
dedicated comparisons, configurations of the P1 center in silica
(i.e., P-doped silica) have been obtained by replacing the three-
fold Si in the representative configurations of the E′−Si
center56 with a three-fold P, where the cell is doubly charged,
so as to generate a P point defect isoelectronic with the E′−Si
center.59

We note that for paramagnetic centers such as the P1 center,
featuring an sp3 spin density spread over a few atoms, the
calculation of Fermi contacts at the DFT level is well justified
in extended systems,56 and the use of hybrid functionals is not
crucial. In fact, as shown by Pacchioni et al.,57 using cluster
models, for the P1 center in P-doped SiO2, the Fermi contact
Aiso(

31P) calculated at DFT (B3LYP) levels differs by ∼5%
with respect to experiments.58 With the present DFT setup for
the configurations of the P1 center in P-doped SiO2, we
calculate Aiso(

31P) differing from experiments at most by ∼10%
(Table 2). Furthermore, we carried out a few test calculations
of Aiso(

31P) for the representative configurations of the P1, P3
a,

and P3
b centers using a PBE0 hybrid functional to calculate the

spin density at the relaxed PBE geometry. Usage of PBE0 has
led to similar increments of ∼7% for all the tested
configurations with respect to PBE (Supporting Information
Table S1). However, such a variation does not affect the
conclusions of the present work which are based on relative
differences.

3. RESULTS

3.1. Sodium Phosphate Glass Models: Structural
Details. For assessing the quality of our model structures,
we present the neutron and X-ray structure factors in Figure 1.
We find an overall reasonable agreement with the experimental
data.51 The calculated S(q) in the short-range order (q ≥ 4
Å−1), which reflects the basic tetrahedral PO4 unit, agrees well
with the experimental data. Moreover, both our models RMC-

SP and CMD-SP feature first diffraction peaks at about 1.6−
2.0 Å−1 in the neutron S(q), indicating a fair enough
description of the intermediate-range order (periodicity up
to ∼4 Å20), which mainly reflects the arrangement of atoms in
neighboring phosphate chains. The agreement achieved in
Figure 1 allows us to infer that our models of sodium
phosphate glasses satisfactorily describe the surrounding
environment of the point defects presented hereafter.
In Table 1 we provide a list of the structural models of

sodium phosphate (NaPO3) and P2O5 glasses that we have

employed for the present study, together with their Qn

speciation. The models RMC1−P2O5 and RMC-SP feature
Q3 and Q2 units only, while RMC2−P2O5 also shows a minor
fraction of Q2 and Q4 units besides Q3 units. The model CMD-
SP is mainly based on Q2 units, although it shows a noticeable
fraction of Q1 and Q3 units and one single penta-coordinated P
atom (Q5 unit).
At variance with the RMC-SP model made of 100% Q2

units, as expected for the NaPO3 glass,26,27 we note that
models obtained by means of classical molecular dynamics are
not so realistic as they contain sizeable fractions of Q1 and Q3

units.52,60 In fact, the appearance of Q1 and Q3 is intrinsically
related to the CMD atomistic description based on simple
interaction potentials.52,60 Moreover, the presence of Q5 units
is also likely to be an artifact of classical molecular
dynamics.61,62 Although we are not aware of any experimental
data about Q5 units in alkali phosphate glasses, we remark that
Q5 units might appear in melt phases.63 However, from a
macroscopic dielectric point of view, the presence of a few Q1,
Q3, and Q5 units in CMD-SP does not substantially alter its
dielectric response. We have calculated at the DFT level, using
the linear response code ph.x of the QE,42,45 a high-frequency
dielectric constant of 2.35 for the CMD-SP model and of 2.33
for the RMC-SP model, with only 1% difference. Hence, both
models will provide an equivalent screening when a charged
point defect is present and can be used for the purposes of the
present paper, that is, to consider NaPO3 glass models which,
by means of the distribution of Qn units, allow for
investigations also relevant for a wide range of xNa2O−P2O5
glasses.
The NaPO3 glass is thought to consist of Q

2 units only.27 By
contrast, in (Na2O)x−(P2O5)1−x glasses, Q

1 and Q3 units are
also present.22,27 Thus, the sodium phosphate models we have
generated in this work, by presenting a variety of speciation Qn

(Table 1), not only allow for the investigation of point defects
in NaPO3 glass which consists of Q2 units only but are also
meaningful for wider classes of phosphate glasses.

3.2. EPR Centers in P2O5 Glass. In this section, we discuss
the oxygen-vacancy-related EPR centers in P2O5 using the
models generated in ref 28. The results obtained are not only

Figure 1. (a) X-ray and (b) neutron structure factor S(Q), as found in
experiments (discs)51 and as calculated for the models CMD-SP (red
solid line) and RMC-SP (green solid line) of NaPO3 glass.

Table 1. Qn Speciation (in %) of Models of P2O5 and
Sodium Phosphate (NaPO3) Glasses

P2O5 N Q1 Q2 Q3 Q4 Q5

RMC1−P2O5 112 100
RMC2−P2O5 112 3 87 10
NaPO3 N Q1 Q2 Q3 Q4 Q5

CMD−SP 100 15 70 10 5
RMC−SP 100 100

aN is the number of atoms in the simulation cell. For P2O5 models,
the data are taken from ref 28.
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interesting for the investigation of paramagnetic defects in
P2O5 but also constitute a helpful benchmark for the EPR
centers in sodium phosphate glasses, which is exploited in the
next section. By following the procedure outlined in Section 2,
we could generate P1, P2, and phosphorus−oxygen−hole-
center (POHC) configurations in our models. As POHC
centers are not relevant for the scope of the present study, their
discussion is not included in this paper (the reader may consult
ref 45.), and in the following, data are provided only for
configurations classifiable as P1 and P2 centers. The P1 and P2
centers in P2O5-based glasses are structurally analogous to P1
and P2 centers in P-doped SiO2,

58 with Aiso(
31P) ∼85−95 and

∼120−140 mT, respectively.33,39,64−66

In the model RMC1−P2O5, by removing the nonbridging
oxygen from Q3 units, we could generate 16% configurations
classifiable as P1 centers. The other kinds of point defects
obtained by first-principles relaxation are POHC (50%), P2
(25%), and “P2-like” (9%) configurations. The latter kind of
configuration consists of a P1 center which attracts a
nonbridging oxygen atom (from the neighboring phosphate
Q3 units) and thus becomes almost coordinated to P1 (with a
P−O distance ∼ 2.2−2.4 Å). Consequently, the spin density of
the “P2-like” configuration resembles the one of a P2 center,
with a pseudo-trigonal-bipyramidal structure around the P
atom57,58 and a large Aiso(

31P) ∼135 mT. Yet, following the
cutoff distance criterion, these P2-like configurations could still
be classified as P1 centers.
In Table 2, we report the Fermi contacts as calculated for P1

and P2 configurations generated in our RMC1−P2O5 model of
P2O5 glass, together with the experimental data from refs 33
and 58. In irradiated pure P2O5, one can find P1 and P2 centers,
which experimentally exhibit ∼95 and ∼143 mT hfs,
respectively.33 In the present calculations, we have found on

average Aiso(
31P) ∼108 and ∼141 mT for P1 and P2

configurations, respectively. We note that, for the P1 center,
the Fermi contact in P2O5 is slightly larger than that found in
P-doped silica, both in theory and experiments.33,58,66

The average of Aiso(
31P), as calculated for P1 configurations

in P2O5, overestimates the experimental estimate of ref 33 by
∼14 mT. In P-doped silica also, we found an overestimation of
a few mT for the Fermi contact in P1 configurations with
respect to the experimental estimate of ref 58. For P2

configurations in P2O5, the calculated (average) Aiso is in
rather good agreement with the experimental data. As for P2
configurations, the unpaired electron is in a 3s + 3p orbital on
P,57 whereas sp3 orbital hosts the unpaired electron in the P1
configuration, the larger discrepancy with respect to experi-
ments registered for P1 could be related to the different s
weight in the sp hybridization. Concerning the anisotropic
hyperfine interaction in P1 centers (Table 2), our calculations
support a slightly smaller value (5.4 mT) in P2O5 with respect
to P-doped silica (∼6.0 mT), which is in good agreement with
experiments.33,58

As far as the oxygen vacancies in the RMC2−P2O5 model
are concerned, we focused on a specific case of interest. In
particular, by removing the nonbridging oxygen atoms from Q2

units (Table 1) in the model RMC2−P2O5, we obtained two
paramagnetic point defects with a spin density similar to that
of P1 but where the three-fold coordinated P has one nearest-
neighbor oxygen, which is a nonbridging oxygen atom (i.e., a
“P3

a” configuration; see also Section 3.3 and Figure 2a). In such
P3
a configurations, Aiso(

31P) ≃87.4 and ≃82.1 mT, respectively,
that is, with an average underestimation of ∼24 mT in
comparison with the calculated Fermi contact of P1

configurations given in Table 2 (a snapshot of the spin

Table 2. Fermi Contacts Aiso (
31P) (mT) and Anisotropic Parameters Bj (mT) of P1 and P2 Centers in P2O5 Glass (RMC1−

P2O5 Model) as Calculated by First-Principles in This Work (T.W.), Together with Their SDs (in Parentheses),a and as
Obtained in Experiments33,58

glass Aiso(
31P) B1 B2 B3

P1 T.W. P2O5 108.7(6.3) −5.3(2) −5.5(1) 10.8(3)
T.W. P-doped SiO2 93.2(6.5) −5.9(1) −6.0(1) 12.0(2)
expt.33 P2O5 95(12)
expt.58 P-doped SiO2 91 −6.0 −6.0 12.0

P2 T.W. P2O5 142.7(7.8) −4.8(3) −5.4(2) 10.2(4)
expt.33 P2O5 143.6(10)
expt.58,66 P-doped SiO2 120 −4.4 −5.5 9.9

aIn ref 33, hfs were measured as the separation between the points of maximum slope on the derivative curves, with the width (in parenthesis)
given by the separation between the extremal inflection points of the derivative curve.

Figure 2. Sketch of P3
a and P3

b configurations (based on CMD-SP data) in NaPO3 glass. For clarity, Na ions have been omitted. O−nb refers to
nonbridging oxygen atoms.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.0c11281
J. Phys. Chem. C 2021, 125, 8741−8751

8744

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11281?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c11281?rel=cite-as&ref=PDF&jav=VoR


densities of P1 and P3
a configurations in P2O5 glass is provided

in Supporting Information Figure S1).
The results shown in Table 3 for the g tensor of P1

configurations indicate that in P2O5, the g principal values

are larger than that in P-doped silica. Both theory and
experiments support an increase in the g values of up to ≃5000
ppm in P2O5 with respect to P-doped silica. Moreover, the
calculated g principal values support for the P1 center an
orthorhombic g tensor in both P2O5 and P-doped SiO2. Also,
in light of Table 3, the g tensor principal values of P1 centers
larger than 2.005 in P2O5-based glasses are unlikely.
3.3. EPR Centers in Sodium Phosphate Glasses. In this

section, we present the results of the calculations of the
hyperfine couplings Aiso(

31P) and g tensors for the charged
oxygen vacancies generated in our models of NaPO3 glass. The
vast majority of Qn units in our models belongs to the Q2 type
(see Table 1). From the removal of a nonbridging oxygen atom
in Q2 units, with a subsequent first-principles relaxation in the
positively charged state, we could analyze about 80 para-
magnetic configurations, the majority of which (71%) exhibits
a structure as shown in Figure 2a: the threefold coordinated P
atom is bonded to two bridging oxygen and one nonbridging
oxygen atoms. Such a paramagnetic P center configuration is
hereafter labeled as “P3

a”. On average, the P−O bonds have a
length of 1.63 Å, with a standard deviation (SD) of 0.03 Å,
whereas the P−Onb bonds have a length of 1.50 Å with a SD of
0.01 Å. The O−P−O angle is on average 103.1° with a SD of
3.7°, whereas O−P−Onb angles are 112° with a SD of 3.6°.
Besides the Q2 units, the CMD-SP model also has three Q1

units, corresponding to 15% of P atoms (Table 1), which
allows for the generation of nine configurations of positively
charged oxygen vacancies, as generated by removing a
nonbridging oxygen atom and cycling over the total nine
motifs. The structure of these centers (hereafter labeled as
“P3

b”) consists of a three-fold-coordinated P atom bonded to
one bridging oxygen and two nonbridging oxygen atoms, as
shown in Figure 2b. The P−O bond with the oxygen-bridging

atom is, on average, 1.68 Å long with a SD of 0.02 Å. The
shorter P−Onb bonds with the nonbridging oxygen atoms are
on average 1.52 Å long, with a SD of 0.01 Å. The Onb−P−Onb
angle is on average 117.9° with a SD of 4.6°, whereas the O−
P−Onb angles are about 106.9° with a SD of 2.9°.
Concerning the location of Na ions around the terminal

oxygen atoms, in both P3
a and P3

b configurations, we have found
three Na ions located at a distance of ≃2.5 Å from the
nonbridging oxygen atoms, consistent with the Na−O lengths
reported in the literature.51,60

Besides the ideal case shown in Figure 2a, we have also
generated configurations (Figure 4a), at the Q2 unit of the
nonbridging oxygen vacancy site, where P becomes four-fold-
coordinated or almost four-fold-coordinated.68 In the latter
configurations, the unpaired spin is hosted at a kind of
[(O−)3PO] tetrahedron with a wide O−P−O or O−PO
angle of ∼150°. Such extremely “strained” P3

a configurations
typically show large Aiso(

31P) values of about 100 mT. From
the first-principles relaxation of a positively charged non-
bridging oxygen vacancy at a Q2 tetrahedron, we almost never
obtained a P3

b configuration. In fact, considering both our
models CMD-SP and RMC-SP, only one P3

b configuration was
found, suggesting that Q2 units give rise almost exclusively to
the P3

a kind of paramagnetic center. Our model CMD-SP also
features two Q3 units, which, after the removal of the
nonbridging oxygen and subsequent relaxation in the positively
charged state, provided a POHC configuration and a P2
configuration with Aiso(

31P) ≃117 mT.
In irradiated sodium phosphate glasses, the hfs assigned to

the P3 center correspond to Aiso(
31P) ∼65−75 mT (Table 4),

that is, 20−25 mT less than those found for P1 centers.
29,33,58

The calculations carried out in this work show that the oxygen
vacancies created at the Q1 and Q2 units lead to a Aiso(

31P)
distribution (Figure 3) rather wide (∼50−120 mT), which
covers the experimental range of hfs reported for the P3 center.
In our models CMD-SP and RMC-SP (Table 1), the average
values of the Fermi contact of P3

a configurations generated at
Q2 units are 85.4 and 85.2 mT, respectively. The latter averages
are compatible with the peaks at ∼75 and ∼85 mT of the
distributions displaced in Figure 3, consistent with the fact that
P3
a represents the majority of nonbridging oxygen-vacancy

configurations obtained at the Q2 units. Overall, the Fermi
contact of the analyzed P3

a configurations shows an average
around ∼85.3 mT, which is ∼20−25 mT less than that
calculated for P1 in a pure P2O5 glass (Table 2). The average
Aiso(

31P) Fermi contact of the P3
b configurations is 68.3 mT

with a SD of 9.1 mT. Thus, we find a difference in Aiso(
31P) of

about 16 mT between the P3
a and P3

b configurations, consistent
with the order of magnitude of the observed variation of the

Table 3. g Tensors of P1 Centers in P2O5 and in P-Doped
SiO2 Glasses

67 as Calculated in This Work (T.W.), Together
with Their SDs (in Parentheses), and as Obtained from
Experiments (refs 33 and58)

expt. ⟨g⟩ ref

P2O5 2.005 33
P-doped SiO2 g∥ = 2.002 g⊥ = 1.999 58
theory (T.W.) g1 = g∥ g2 g3

RMC1−P2O5 2.0041(7) 2.0026(7) 2.0017(3)
P-doped SiO2 2.0022(1) 2.0015(3) 2.0010(3)

Figure 3. Distributions of Aiso(
31P) (mT) of positively charged nonbridging oxygen vacancy configurations at Q1 and Q2 units, as calculated in our

NaPO3 glass models: (a) CMD-SP and (b) RMC-SP.
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Fermi contacts in P3 centers, varying from ∼66 to 74 mT in
sodium phosphate glasses.29,33

In Figure 5a we show the Fermi contact Aiso(
31P) of P3

a

configurations plotted versus the distance d between the
threefold coordinated P and a fourth nearest-neighbor O atom
featuring spin density localization (Figures 4 and 5b).
Although for a given distance, the Aiso(

31P) Fermi contacts
exhibit large variations (e.g., ∼30 mT at d ∼ 3 Å), a trend is
discernable so that the Fermi contact tends to decrease with
the increasing distance d, for d between 2.2 and ∼3.5 Å. (In
Supporting Information Figure S2, we show that, alternatively,
one may consider the trend between Fermi contacts Aiso(

31P)
and the mean bond angle O−P−O, which reflects the degree
of planarity of the PO3 pyramid). From the distribution of
Figure 5a, one can infer that configurations (Figure 4a)
reminiscent of the P2 center,

58 although with a distance d ∼ 2.5
Å, well beyond the conventional P−O bond cutoff distance of
2.2. Å, can possess a large Aiso(

31P) ∼90−100 mT. In Figure
5b, we provide the distribution of Fermi contacts Aiso(

17O) on
the fourth neighboring oxygen atom, as calculated for the P3

a

configurations in our sodium phosphate models. For small d ∼
2.2 Å, Aiso(

17O) can exhibit values between −3 and −5 mT,
close to those reported for axial oxygen atoms (−5 to −6 mT)
in P2 configurations.

57 By contrast, for d larger than ∼2.7 Å,
the absolute value of the Fermi contact Aiso(

17O) takes small
values (≤1.5 mT), decreasing further with d, so that in this
range of d the P3

a center can be regarded as an ideal three-fold-
coordinated P center. By means of a bivariate normal
distribution and using suitable broadenings (0.2 Å and 5
mT), we obtain from the data points of Figure 5a a smooth
distribution (Figure 5c) of Aiso versus d, which allows for an
immediate reading of the information concerning the most

likely Aiso(
31P) and d values (i.e., 85 mT and d ∼ 2.8 Å), the

spreading (at d ∼ 2.8 Å, the fwhm is ∼20 mT) and the trend,
which is evident from the ridge of the distribution.

Figure 4. Spin density (shaded/gray), as calculated (a) for a P3
a configuration (in model CMD-SP), which features a fourth next-nearest-neighbor

oxygen atom at a distance of d ≃ 2.2 Å, showing the spin density localization and overall appearance as those of a P2 center
58 and (b) for a typical

case with d > 2.2 Å. The phosphate network is represented by a ball-and-stick model: bonds (sticks), P (yellow balls), O (red balls), and Na atoms
(green balls) are shown. For clarity, in (b), only P and O atoms of the paramagnetic defect are shown.

Table 4. Fermi Contacts Aiso(
31P) (mT) and Anisotropic

(Dipolar) Hyperfine Values Bj in xNa2O:P2O5 Glass as
Calculated in This Work (T.W.), Together with Their SDs
(in Parentheses),a and as Found in Experiments33

X Aiso(
31P) width B1 B2 B3

Expt.
P3 0.5 74.2 9.0
P3 0.57 66.5 9.0

Theory (T.W.)
P3
a 0.5 85.3(16.5) −5.3(3) −5.6(3) 10.8(5)

P3
b 0.5 68.3(9.1) −5.0(3) −5.3(3) 10.3(6)

ax indicates the Na2O content.

Figure 5. (a) Calculated Fermi contact Aiso(
31P) of P3

a configurations
shows a trend vs the distance d between the three-fold-coordinated P
and the fourth nearest-neighbor O atom featuring spin density
localization. (b) Distribution of the Fermi contact Aiso(

17O) of the
fourth nearest-neighbor O vs d. (c) Smoothed distribution of the
Fermi contact in P3

a configurations obtained by the Gaussian
broadening (0.2 Å and 5 mT) of the points shown in panel (a).
The Fermi contacts of P3

a configurations are also shown in panel (a,b)
with light green discs.
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Note that d represents the spatial extension of the unpaired
electron wave function, which is sensitive to the local
environment. In fact, we note that besides the Fermi contact,
other hyperfine parameters also, for example, the anisotropic
parameter B3,

54 display a distribution, as shown in Figure 6a,

which reflects the distribution given in Figure 5. As the
Aiso(

31P) and Bj parameters are related to the weight of the s
and p components of the unpaired wave function,33 the
distribution in Figure 6a basically describes the variation of the
sp hybridization among our P3

a configurations which in turn
depends on the local environment, for example, d parameter
(See also Supporting Information Figure S2), and thus is also
reflected in other distributions as, for example, Figure 5. In
Figure 6b, we provide the relative difference between the
average Fermi contact Aiso(

31P) of P1 configurations in P2O5
and Fermi contacts of P3

a configurations. Such a distribution
shows a peak at ∼23 mT for a distance d ∼ 2.8 Å, which is
immediately seen to be consistent with the relative difference
(21 mT) of hfs in P1 and P3 centers.

33

As far as P3
b configurations are concerned, given the small

number of configurations, we are not able to argue about the
existence of the dependence of Aiso(

31P) on d (Figure 5a),
although the Fermi contact Aiso(

17O) on the fourth
neighboring oxygen atom in P3

a configurations seems to follow
the same distribution as in P3

a configurations (Figure 5b). Yet,
the group of P3

b configurations at d ∼ 2.5 Å shows Aiso(
31P) in

the range 60−80 mT and hence may not follow the trend
displayed by P3

a configurations.
The g tensor principal values in P3

a configurations display
only a weak dependence on the distance d from the fourth

nearest-neighbor oxygen atom (not shown), so that we
hereafter just provide the average g tensor data. The averages
of g tensor values as calculated for P3

a configurations of the
CMD-SP and RMC-SP models are the following: g1 =
2.0042(6), g2 = 2.0030(4), and g3 = 2.0011(6), which are
rather close to the g tensor principal values (g∥ = 2.0041, g⊥ =
2.0026 and 2.0017) calculated for P1 configurations in vitreous
P2O5 (Table 3). As far as the P3

b configurations are concerned,
we found g tensor principal values of g1 = 2.0043(6), g2 =
2.0026(3), and g3 = 2.0005(9), slightly more orthorhombic
than in P3

a and P1 (Table 5). Although a deviation of ∼1000

ppm could occur between the calculated and real ⟨g⟩ of the P3
center,69 the present data, thus, support a lower ⟨g⟩ with
respect to the value of ∼2.01 given by ref 33. The fact that the
calculated spin density of a P3

a configuration, Figure 4b, is
similar to the one of the P1 center also provides support for a
paramagnetic center model with EPR parameters reasonably
close to those observed for the P1 center and thus further
casting some doubts about⟨g⟩ ≃ 2.01 given by ref 33.

4. DISCUSSION
The assignments done in the present work are mainly based on
the relative comparison between P1 and P3 configurations in
P2O5 and in NaPO3 glasses. For a given system and for a
properly chosen EPR parameter, for example, Aiso(

31P),
comparing the relative differences between the different
centers provides a reliable way to make assignments
substantially not affected by method-dependent errors.56,70

The P3
a configurations in our NaPO3 glass models present an

average Aiso(
31P) of ∼85 mT, about 24 mT less than the

calculated average Aiso of P1 configurations in P2O5 (Table 2).
For comparison, Weeks and Bray33 report a value of 95 mT for
the experimental hfs of the P1 center in P2O5 glass and 74 mT
for the hfs of the P3 center in Na2O−P2O5 glass, that is, a 21
mT difference (Figure 6b).
On the basis of the Fermi contact distributions shown in

Figures 5 and 6, we infer that the P3 center is, above all, a
nonbridging oxygen vacancy generated at a Q2 unit, for which
an example of spin density is provided in Figure 4 or, to a
lesser extent, to a Q1 unit. There is a considerable difference
(∼16 mT) between the calculated Fermi contacts of
paramagnetic oxygen vacancy configurations generated at Q1

and at Q2 units, that is, the centers P3
b and P3

a, respectively. Such
a difference may be helpful to explain the range of values given
by the available experimental data in alkali phosphate glasses
featuring different ratios of Q2 to Q1 units (in Weeks and
Bray:33 66−78 mT).

Figure 6. (a) Distribution of Aiso(
31P) vs B3 values for P3

a

configurations, that is, the distribution of sp hybridization in P3
a

configurations (Gaussian broadenings of 0.3 and 5 mT were applied
for B3 and Aiso, respectively). (b) Relative difference between A̅iso(

31P)
in P1 and Aiso(

31P) in P3 configurations. Experimental shift between P1
and P3 is shown as a solid green line (expt. data taken from ref 33).

Table 5. g Tensors in P2O5 and NaPO3 Glasses for P1, P3
a,

and P3
b Configurations, as Calculated in This Work (T.W.),

with Their SDs (in Parentheses), Compared to
Experimental Data Available for P1 and P3 Centers

33

experiment33

center glass ⟨g⟩

P1 P2O5 2.005
P3 NaPO3 2.012

theory (T.W.)
center Glass g1 g2 = g∥ g3
P1 P2O5 2.0026(7) 2.0041(7) 2.0017(3)
P3
a NaPO3 2.0042(7) 2.0030(4) 2.0011(7)

P3
b NaPO3 2.0043(6) 2.0026(3) 2.0005(9)
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Only one P3
b, but neither P1 nor P2, configuration has been

obtained by the first-principles relaxations of the positively
charged oxygen vacancies at Q2 units in our NaPO3 glass
models. Hence, the calculations carried out on the CMD-SP
and RMC-SP models suggest that the ionization of a
nonbridging oxygen vacancy at a Q2 unit may give rise to
only P3

a configurations.
From the present findings, in particular, the fact that from Q2

units no P3
b was found, it is clear that when the sodium

phosphate glass composition favors the appearance of Q1 units,
the P3 center will be identified as a center having a slightly
lower Fermi contact (∼65−70 mT) with respect to the ideal
stoichiometric case. This could occur for a ratio [Na2O]/
[P2O5] in the range 1−1.5 or in the co-presence of other alkali
modifiers, for example, K and Rb.27,32,33 At variance, with the
stoichiometric composition [Na2O]/[P2O5] = 1, where the
glass features only Q2 units, only P3

a configurations can be
generated, and P3 is identified as a paramagnetic center having
a Fermi contact of ∼74 mT.27,33

On the basis of the experimental data available in the paper
of Weeks and Bray,33 no P3 center can be detected in the
irradiated pure P2O5 glass. In the light of the present work, the
following explanation seems the most probable. As pure P2O5
glass consists only of Q3 units, the occurrence of a nonbridging
oxygen vacancy, under irradiation conditions, may result in a
P1 center and never in a P3 center (neither in P3

a nor in P3
b

configurations), which is the result of the ionization of an
oxygen vacancy at a nonbridging oxygen site of a Q2 (or Q1)
unit. Once Na is added, Q2 units are formed, and for Na2O
content of 50%, only Q2 units are available,26 so that the
generation of P1 centers becomes unlikely, being substituted
with the generation of P3

a centers. Thus, the latter becomes one
of the main71 intrinsic paramagnetic point defects, related to
oxygen vacancies, which can be generated for an alkali content
of ∼50%.30,33 For a larger alkali content, an increasing fraction
of Q1 unit will be available for the generation of point defects,
in particular of the P3

b centers (for 1.6Na2O:P2O5 glass,
considering a fraction of ∼50% of Q2 and ∼50% of Q1, one
could expect to observe global P3 hfs of ∼0.5 × 74 + 0.5 × 67
= 70.5 mT, which could reasonably explain the value given in
Table 1 of ref 33 for the hfs of P3 in 1.6Na2O:P2O5 glass).
In γ-irradiated NaPO3 glasses at 77 K, two metastable

centers, called Pα and Pβ centers, were observed, which, upon
heating above room temperature, are converted to the (stable)
Pγ center.

64,65 On the basis of the 3p and 3s wave function
hybridization ratio and 3s character, the Pβ and Pγ centers were
attributed to a three-fold-coordinated P center, whereas Pα was
assigned to a four-fold-coordinated center (though, we remark
with a 3s character intermediate between those of a three-fold-
and a four-fold-coordinated P). Although the study of
thermally induced conversions of paramagnetic centers is
beyond the scope of the present paper, we remark the
following analogies. First, the Pγ center shows hfs of about 75
mT65 and thus should be regarded as an alias for Week’s P3
center,33 that is, as due to stable P3

a configurations. Next, the
Pβ center shows smaller hfs than Pγ (Figure 2 of ref 64) and
thus could be interpreted as due to P3

b configurations. As for
the Pα center, we speculate that it could be interpreted in terms
of nonrelaxed P3

a configuration, which indeed may exhibit a
spin density resembling the one of a four-fold-coordinated P
center (Figure 4a) and may relax to configurations with larger
d (Figure 5a), appearing as stable three-fold-coordinated P3

a

configurations (i.e., Pγ centers). Noteworthily, the results of the

EPR measurements before and after annealing64,65 would also
imply that P3

b could convert to P3
a configurations.

According to Weeks and Bray,33 the P1 and P3 centers in
xNa2O:P2O5 (x = 0.3, 1.0, 1.3, 1.6) have a similar average ⟨g⟩
∼ 2.01 (Table 5). These results for ⟨g⟩ seem less accurate than
for ⟨g⟩ of P1 in pure P2O5 glass where ⟨g⟩ ∼ 2.005.33 The
isotropic hyperfine interactions and ⟨g⟩ values given in ref 33
were obtained using an approximation to the Breit−Rabi
equation72 and do not provide any insight on the underlying
distributions arising due to the different local environments
(inhomogeneous broadening) of the unpaired spin. Moreover,
EPR investigations in glucose-1-phosphate of a radical
(PO32−) analogous to P1/P3 centers also suggest, after
second-order correction, that the g tensor principal values
should be around 2.001 rather than around 2.01.73 The fact
that the g tensor values of the P1 center are at most ∼2.005 in
P2O5 is also further supported by comparison with P-doped
silica (10% P2O5 content), where Griscom et al.58,66 provide
the following g tensor principal values: g∥ = 2.002 and g⊥ =
1.999 for the P1 center. Moreover, in the present work, we have
calculated average g tensor values: g1 ∼ 2.0041, g2 ∼ 2.0026,
and g3 ∼ 2.0017 for the P1 configuration in our model of P2O5,
all three well below 2.005. As for the g tensor of P3 centers,
despite the lack of experimental data, besides the Weeks and
Bray’s paper,33 we note that Hosono et al.74 report g tensor
principal values of g∥ = 2.002 and g⊥ = 2.004 for an analogous
center (the so-called HPO2) in P-doped silica, which are rather
close to the g tensor principal values calculated here for the P3

a

and P3
b configurations (Table 5).

Pukhkaya et al.29 reported a shift from 74 to 84 mT for Aiso
with increasing doses (Figure 8 of ref 29) in a meta-phosphate
glass featuring a network made of Q2 units only. This shift
suggests that the structure of the P3 center and of its local
environment, under irradiation, could be affected by a disorder
increase, which may result from noticeable variations of the
interatomic distances, as was evidenced by Raman spectros-
copy.75 In fact, the latter hypothesis is also supported by our
findings that P3

a configurations can feature a larger Fermi
contact due to the diminishing of the distance between the
threefold coordinated P and a nearby fourth oxygen atom
(Figure 5).
We have shown that the P3 center is analogous to the P1

center, the structure of both being based on a three-fold P
atom. In particular, their spin densities are very similar, so it is
likely that the optical absorption bands due to P3

a and P3
b will be

rather close in energy to the bands due to the P1 center,
38,39,58

in analogy with what happens to the optical absorption of the
E′α and E′γ centers in SiO2.

76 Hence, we can infer that not only
the optical absorption of the P1 centers but also the optical
absorption of the P3 centers can be exploited or diminished in
applications such as laser welding by means of phosphate
glasses13 and the production of solid lasers and optical fibers.77

5. CONCLUSIONS
In this work, by means of first-principles EPR calculations, we
have provided evidence in favor of an interpretation of the P3
center in terms of ionized nonbridging oxygen vacancies.
Furthermore, this work has shown that two kinds of P3 centers
can exist in alkali phosphate glasses such as the (Na2O)x−
(P2O5)(1−x) glasses, that is, the P3

a and P3
b centers. In the latter

centers, the three-fold-coordinated P atom is bonded to one
nonbridging and two bridging oxygen atoms (P3

a) or to two
nonbridging and one bridging oxygen atom (P3

b).
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The suggested scenario implies that for an intermediate
content of Na2O, 0 < x < 50%, a mixture of P1 and P3

a centers
should be generated under irradiation, but from an
experimental point of view, it may result in a difficulty to
resolve both P1 and P3 EPR signatures, especially for low
concentrations of Na2O. In fact, in the work of Pukhkaya et
al.29 in UP66 glass, which has 67% content of P2O5, only P1
was detected, whereas no clear signature of P3 has been found.
For x > 50%, essentially only P3

a and P3
b centers would be

generated, whereas P1 centers would be absent.
Our results indicate a substantial similarity of g tensors in P1,

P3
a, and P3

b configurations. The g tensors of P1, P3
a, and P3

b in
NaPO3 glass suggest a slightly larger orthorhombicity with
respect to P1 in pure P2O5 glass. The orthorhombicity is larger
in P3

b than in P3
a, suggesting a relation with the number of

nonbridging oxygen atoms in the three-fold-coordinated P
configurations P1, P3

a, and P3
b.

Finally, our investigation shows the importance of the local
environment correlations underlying the distributions of the
hyperfine tensors and provides an improved mapping of P
centers in phosphate glasses, which may pave the way for fine-
controlling/tuning the optical absorption in future techno-
logical applications.
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