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Elucidation of coordination structure around Ce** in doped SiO, glasses using pulsed electron
paramagnetic resonance: Effect of phosphorus, boron, and phosphorus-boron codoping
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Effects of codoping of phosphorus and/or boron on the coordination sphere of a Ce>* in SiO, glasses were
examined by applying pulsed electron paramagnetic resonance (EPR) electron spin echo envelope modulation
(ESEEM) spectroscopy. Simulation of the observed ESEEM pattern revealed a striking difference in the
solvation shell structure between the P-doped and the P-free glasses, i.e., the P doping is very effective for the
formation of the solvation shell, while no such an effect was observed for the B doping. When P and B are
simultaneously doped, the solvation shell structure is close to that in the P-doped samples. Photoluminescence
properties of Ce>* in these samples were found to be classified into two categories corresponding to the

solvation shell structures.
DOI: 10.1103/PhysRevB.72.212101

Silica (SiO,) glasses doped with rare earth (RE) ions are
widely employed in applications for optical devices. How-
ever, constitution of the coordination structure around RE
ions in doped SiO, glasses remains unclear. Although SiO,
glass that has many excellent physical properties'™ is a
highly desired host for optically active ions, its fatal draw-
back is poor solubility of multivalence cations such as RE
ions, i.e., doped RE ions easily make a cluster in pure SiO,
glass. It is suggested that the creation of a nonbridging oxy-
gen facilitates pairing of the RE ions, leading to the forma-
tion of nanoclusters, which results in the concentration
quenching of luminescence. This issue was resolved by a
codoping technique.’”” Arai et al.” proposed the “solvation-
shell” model based on the observation of luminescence prop-
erties of Nd** and Ce** ions in SiO, glasses for the under-
standing of striking codoping effects. The concept of
solvation shell of ions in the glass, i.e., preferential coordi-
nation of dopant around a RE ion is very favorable for de-
signing highly efficient optical material. However, little
quantitative and concrete information on the solvation struc-
ture has been reported to date.® The purpose of this study is
to clarify the effect of the codoping of phosphorus and boron
on the formation of the solvation structure around a RE ion
in SiO, glasses by determining the medium range structure
around a RE* ion. A Ce** ion was chosen as a RE ion for
this purpose because it is a sensitive indicator to monitor the
solvation structures and a most promising active ion for ul-
traviolet (UV) fiber lasers.

Synthetic SiO, glasses codoped with Ce** ions and
codopants, P,Os and B,0;, were fabricated by a conven-
tional modified chemical vapor deposition method. Ce** ions

PACS number(s): 61.43.Bn, 61.43.Fs, 61.18.Fs, 78.55.Qr

camera attached to a spectrometer using a fourth harmonic of
a Nd:YAG (yttrium aluminum garnet) laser as an excitation
light source. Pulsed-EPR experiments were performed using
an X-band spectrometer (Bruker, E580) equipped with a di-
electric resonator in an Oxford instrument cryostat for detec-
tion of unresolved hyperfine splitting due to the weak cou-
pling between the unpaired electron spin and the nucleus
spin.”

Calculation of an ESEEM spectrum was carried out by
numerical diagonalization of the rotating spin Hamiltonian
composed of a hyperfine, nuclear-Zeeman, and nuclear quad-
rupole interactions since the nuclear-quadrupolar coupling
constant e’gQ,,/h is comparable to the nuclear-Zeeman en-
ergy g,8,Hy/h in a boron-nucleus case. Detailed simulation
algorithms employed were described in the preceding
paper.'?

Figure 1 shows PL and PLE spectra of four types of the
samples. The P3*-ion-codoped glass samples (CPS and
CPBS) exhibit PL bands peaking at ~350 nm and ~325 nm,
while the P3*-ion-free samples (CBS and CS) show PL bands
at ~420 nm and ~435 nm, respectively. The PL decay time
was classified into two groups, i.e., 25-36 ns for the
P-doped samples (CPS and CPBS), and 58-74 ns for the
P-free samples (CBS and CS).

Figure 2 shows the observed three-pulsed ESEEM spec-
trum of the Ce**-doped SiO, glass (CS) along with the cal-
culated spectrum. Although the modulation amplitude was
rather low (less than 0.3%), it is evident from the Fourier-

TABLE I. Samples. The dopant concentration was determined
by an electron probe microanalyzer.

were doped by dipping the soot into a methanol solution of  gample Composition (mol %)

CeCl;. Table I summarizes chemical compositions of the

samples used in this study. (& 0.04 Ce,05-100Si0,
Photoluminescence (PL) and photoluminescence excita- CBS 0.02 Ce,03-3B,05-97Si0,

tion (PLE) spectra of the codoped SiO, glasses were mea- CPS 0.004 Ce,05-1P,05-99Si0,

sured using a conventional fluorescence spectrophotometer CPBS 0.004 Ce,03-3P,05-8B,05-89Si0,

at room temperature. PL lifetime was measured with a streak - -
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FIG. 1. Photoluminescence (PL: left) and photoluminescence
excitation (PLE: right) of Ce**-activated SiO, glasses at room
temperature.

transformed spectrum (inset of Fig. 2) that the signal came
from the 2°Si nucleus (/=1/2, natural abundance 4.7%).
Here, we calculated the ESEEM pattern due to the 2si
nucleus under the uniform distribution model. The effective
range of r (separation) for ESEEM is taken as 0.3 to 1.2 nm
because the shorter r should give a resolved hyperfine split-
ting and the longer r does not contribute to the observed
oscillation pattern. The number (N;) of 2’Si nucleus locating
in the ith slice (thickness of each slice Ar is taken as
0.05 nm, i.e., r is divided into 18 slices) of the coordination
sphere around Ce3* is given by the following equation:

p 4
Ni= Navog X 0 X CX =+ A0° = (= A0’} (1)

where i=1,2,..., and 18, Nayog Avogadro’s number, p the
density of sample, M atomic weight of *°Si, and C the natu-
ral abundance of 2°Si. The ESEEM pattern is calculated by
using each set of (N;r;).

Figure 3 shows the observed ESEEM spectrum of
the Ce**-P>*-codoped SiO, (CPS). The FT-ESEEM
spectrum (inset) indicates the signal is due to *'P (I=1/2,
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FIG. 2. Observed and simulated three-pulsed ESEEM spectra of
a CS sample. Inset is the FI-ESEEM pattern of the observed spec-
trum. An arrow denotes the NMR frequency of the responsible
magnetic nucleus. The measurement conditions; 7=172 ns,
Hy=500 mT, and temperature=4 K. The calculation was carried
out for the case that 21 Si** ions (20 X 28Si+1 X 2Si) are positioned
uniformly in the range 0.3—1.2 nm around a Ce**. The standard
deviation between the observed and calculated spectra is 0.63%.

n.a.=100%) nucleus. The best fitted pattern calculated for
the uniform distribution of P3* ions (Cp~2 mol %) around
a Ce** was distinctly different from the observed spectrum.
A better pattern was shown by the solid curve which was
obtained by a model in which a Ce* is preferentially coor-
dinated by four PO, units (the total number of P>*; Np=4).
There are two types of P ions coordinating to a Ce** ion
through oxygens in crystalline CePO,,!! i.e., an edge-sharing
type and a corner-sharing type. The separation between the
Ce’* and the P>* ion is ~0.3 nm for the edge sharing or
~0.4 nm for the corner sharing. We sought a best fit by the
trial-and-error method, keeping in mind this structural infor-
mation. As a result, a best fit between the observed and cal-
culated spectra was found by assuming that there were two
types of the separation between Ce** and P>* ions: distance
rp; between Ce’*-P* ions (numbers of P}*; Np;=2) and rp,
between Ce**-P3* ions (numbers of P3*; Np,=2). Figure 3
shows a structural model around a Ce** in CPS. Here we
assumed that each Ce** is coordinated by eight oxygens in

FIG. 3. Observed and calculated ESEEM pat-
terns for CPS sample (left) and the coordination
structure model deduced from the simulation
(right). The measurement conditions; 7=172 ns,
Hy=500 mT, and 4 K. (Top) observed pattern,
best-fitted pattern, and the pattern calculated for
the uniform distribution of P ions. The best-fitted
curve was obtained by assuming that two P ions
are positioned at r=0.28 nm and two P ions are
P located at r=0.38 nm. (Bottom) ESEEM patterns

calculated for various sets of Ce>*-P>* distance r
and phosphorus number N (denoted in) The con-
tribution from the range 0.6—1.2 nm around a
Ce** was incorporated in each calculation using a
uniform distribution of the magnetic nucleus
(*'P). The standard deviation o for each fitting is
shown.
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all samples throughout this paper. The bottom part of the
figure shows the four ESEEM patterns calculated by chang-
ing » and N of P3* ions. However, neither of these patterns
gave a better fit than the calculated curve in the top. It is thus
concluded that the coordination model composed of two P3*
positioned at 0.28 nm and two P>* at 0.38 nm gives the best
fit with the observed ESEEM spectrum.

Figure 4 shows the observed ESEEM spectrum of
the Ce’*-B**-codoped SiO, (CBS) glass along with a
calculated pattern. The inset shows the Fourier transform
(FT) spectrum showing two peaks corresponding to '°B
(I=3, n.a.=19.8%) and ''B (I=3/2, n.a.=80.2%). First,
we calculated the ESEEM pattern for the uniform distribu-
tion of B3* ions in the range 0.3—1.2 nm. The intensity of the
calculated pattern is too small to be fitted to the observed
pattern. The best fit was sought by a trial-and-error method
in changing the r, N, e2gQ,/h and 7, keeping possible boron
units such as BO@;), and B@;, in mind. The former is a
triangle borate unit with a nonbridging oxygen (O) and the
latter is a tetrahedral borate unit with four bridging oxygens
(@). According to NMR studies of B nucleus,'>~!3 these two
units can be distinctly distinguished in the value of the qua-
drupolar coupling constant (e’qQ,/h) and the asymmetric
parameter (7). The value of ¢’>qQ,/h was 4.8—5.8 MHz for
lOB, or 2.4-2.9 MHz for ''B nuclei, and 7 was 0.59 for the
triangle borate with a nonbridging oxygen.'? On the other
hand, the values of ¢*qQ,/h were 0—2.0 MHz for '°B
nucleus, and 7 was zero for the tetrahedral borate with four
bridging oxygens.'? The bottom part of the figure shows pat-
terns calculated for four types of borate units. The coordina-
tion of the triangle borate with a nonbridging oxygen
BO@E/lz’ case (i), gives the best fitted pattern, while the oth-
ers, (ii)—(iv), rather deviate from the observed spectrum.
Therefore, the model for CBS was determined as Fig. 4
(right); a triangle borate with a nonbridging oxygen
(BO@5),) positioned at 0.3 nm from a Ce** coordinates to
the Ce*. The total numbers of B** ions within the sphere of
a 0.6 nm radius under a uniform distribution model were
estimated to be 0.8 by putting dopant concentration of B,0Oj3
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FIG. 4. Observed and calculated ESEEM pat-
terns for a CBS sample (left) and the deduced
structural model (right). The measurement condi-
tions; 7=80 ns, Hy=500 mT, and 4 K. (Top) the
observed pattern, the best-fitted pattern, and the
pattern calculated for uniform distribution of bo-
ron. The best fit was obtained by assuming the
case that B3* ion of 0.8 is positioned at 0.30 nm,
and the quadrupolar coupling constant ¢>qQ,/h
of 4.97 MHz for a '"B or 2.45 MHz for a ''B
nucleus, and the asymmetry parameter 7 is 0.59.
The value o for the fitting is 0.18%. (Bottom)
patterns calculated for different borate ligands
positioned at 0.30 nm.

(Cg~3 mol %) into Eq. (1). This value is close to the ob-
servation (Np=0.8).

Figure 5 shows the observed ESEEM spectrum of the
Ce’*, (P>*+B3*)-codoped SiO, (CPBS). The inset is of the
FT spectrum showing three peaks corresponding to NMR
frequencies of *'P, 1°B, and ''B nuclei. The early part in the
time-domain was similar to that of CPS, indicating that the
values of r for Ce3*-P>* and N of P3* are close to those in
CPS. On the other hand, the latter part was similar to that of
CBS. In addition, it was suggested that some of the B** ions
are positioned considerably far from a Ce®* because a dis-
tinct modulation was observed in the long time region.
Therefore, we first employed the values of the quadrupolar
coupling constant e’gQ,/h and the asymmetric parameter 7
of a triangle borate with a nonbridging oxygen, which pro-
vided the best fit for CBS. However, the calculated pattern
was far from the observed pattern with respect to the modu-
lation amplitude. Next, we assumed that B3* ion takes the
tetrahedral coordination with four bridging oxygens directly
bonding to P3* ions as is seen in crystalline BPO,. Then, an
excellent agreement was obtained between the observed and
calculated patterns. The optimized values of e>¢gQ,/h and 7
were 1.66 MHz (1°B) or 0.80 MHz (!'B) and zero, respec-
tively. These values are within the range of reported values
for the tetrahedrally coordinated boron.'? The r and N values
for P>* ions were similar to those in CPS. On the other hand,
the best fitted result on B** was obtained when four B**
tetrahedral ions were positioned at 0.45 nm (rz;=0.45 nm,
Np,=4), and 2 B*' tetrahedral ions were at 0.55 nm
(rg>=0.55 nm, Nyz,=2). The configuration deduced is illus-
trated in Fig. 5 (right). When the coordination of boron was
changed from a tetrahedral to a triangle, no satisfactory
agreement was obtained as shown in Fig. 5. The separation
of P°*—B3* is 0.27 nm, which is comparable to that of
P3*—B3* in crystalline BPO,. These results denote that the
“solvation shell” structure’ formed by the P>* doping is also
seen in the silica glass simultaneously doped with P3* and
B3* ions.

It is worth noting that such a unique coordination of Ce**
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as seen in CePOQ, is realized in SiO, glass only by the doping
of 1 mol % P,Os. Also to be noted is that edge-sharing co-
ordination, which is unusual in glass, occurs at the fraction
comparable to a corner-sharing coordination. The total num-
ber of P>* ions in the solvation shell estimated was four from
the ESEEM analysis, but the average number calculated
from the uniform distribution was 0.4. Therefore, the selec-
tivity of P>* ions to a Ce’* is evaluated to be ~10 over Si**
ions. This result provides a direct evidence for the formation
of a solvation shell around a Ce** by phosphorus doping. On
the other hand, the present result revealed that Ce’*-B3*
spacing was 0.30 nm and the number of B3* ions was 0.8.
The average number expected from uniform distribution was
0.8. Thus, the selectivity of B** ions was ~1 over Si** ions,
i.e., the “solvation shell” structure is not created by boron
doping. It is of interest to note that although the number of
boron evaluated in the coordination sphere of Ce’* is close to
that calculated from uniform distribution of boron, the ES-
EEM pattern calculated for the uniform distribution model is
distinctly different from the observed pattern (Fig. 4). This
means that the number of boron in the second neighboring
coordination is rather definite, i.e., the major faction of the
coordination sphere of a Ce** involves a BO@5, unit. Fur-
ther, simulation of the observed ESEEM pattern revealed that
the number and position of P3* ions in CPBS is the same as
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FIG. 5. Observed and calculated ESEEM pat-
terns for CPBS sample (left) and the model. The
measurement conditions; 7=172ns and H
=500 mT, and 4 K. (Top) observed and best-
fitted patterns. The best-fitted pattern was ob-
tained for the case that two P>* ions are posi-
tioned at 0.28 nm from a Ce3*, two P5* ions at
0.38 nm, four tetrahedral B3* ions at 0.45 nm,
and two tetrahedral B3* ions at 0.55 nm. Here,
each B nucleus has the quadrupolar coupling con-
stant e>qQ,,/h of 1.66 MHz for 108 or 0.80 MHz
for ''B, and has the asymmetry parameter 7 of
zero. The standard deviation of the fitting o is
0.41%. (Bottom) patterns calculated for the uni-
form (P+B) distribution and the best-fitted
model. (ii) is the pattern for the model modified
by only changing the boron coordination number
(tetrahedral — triangle).

that in CPS, and a tetrahedral boron with four bridging oxy-
gens is directly linked to such a PO, unit. This linkage close
to the BPO,-type structure implies that the formation energy
of such a silica-analog structural unit is large. This idea is
consistent with a recent finding reported for sodium boro-
phosphate glasses.!® Although B3* ions are preferentially in-
volved in the coordination sphere up to the fourth neighbor-
ing position, no B-O bond directly coordinates to a Ce** as a
result of competition with P-O bonds.

Last, the relationship between the coordination structure
and optical properties of Ce?* is discussed. The energy level
of the Ce** 54 multiplets is primarily determined by the elec-
tronic state of the oxygen 2p orbitals. There are three types
of oxygen ligands with different charge states in the present
samples; a bridging oxygen (formal charge=0), a nonbridg-
ing oxygen (~1), and a nonbridging oxygen of the PO,@5/,
group (=1/2).!7 The energy splitting of the Ce 5d multiplets
should increase with the negative charge on the ligand oxy-
gens. Thus, energy separation between the emitting excited
state (the lowest energy level among the crystal field split 5d
multiplet) and the ground state (4f)! increases with the re-
duction of the negative charge density on the ligand. This
idea agrees with the experimental results, i.e., Ce3* coordi-
nated by the P-O bonds gives rise to UV PL, while Ce** with
B-O and Si-O bonds yields blue PL.
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