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Direct spectroscopic observation of the atomic-scale mechanisms of clustering and homogenization
of rare-earth dopant ions in vitreous silica
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Structural aspects of clustering of rare earth ions in oxide glasses have been studied for the last several years
in relation to their applications in photonics. However, the mechanism of homogenization of the spatial
distribution of rare earth ions by codoping, typically with Al or P, is still not well understood. In this work we
report direct experimental determination of the homogenization mechanism of Yb** ion clusters in silica
glasses doped with 0.1 wt. % Yb,03 and codoped with Al or P, using two-dimensional HYSCORE-EPR
spectroscopy. The results lead us to conclude that Yb creates its coordination environment via formation of
Yb-O-Si and Yb-O-Yb bonds in a Yb-doped silica glass and even the light codoping with Al starts replacing
these bonds with Yb-O-Al linkages. Heavy codoping with P replaces all Yb-O-Si/Yb linkages with Yb-O-P
linkages. The formation of a next-nearest neighbor shell of Al or P creates suitable structural pockets, which

ultimately leads to homogenization.
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Glasses doped with rare-earth (RE) ions (e.g., Nd**, Er**,
Tm3*, Yb>*) have found important technological applications
in recent years as solid-state lasers and more importantly as
optical fiber amplifiers for all-optical telecommunication
networks.! High levels of RE doping (several wt. %) are
required in glasses for their potential applications in photon-
ics, for fabricating miniature optical devices such as micro-
chip lasers and lossless splitters.>™ However, due to their
low solubility in SiO,-rich silicate glasses, the dopant RE
ions tend to cluster even at doping levels of a few hundred to
a few thousand parts per million (ppm) by weight.>® Such
clustering of RE ions gives rise to cross relaxation between
excited ion pairs within a cluster that results in nonradiative
deexcitation of the ion pair. The resultant concentration
quenching of fluorescence drastically lowers the quantum ef-
ficiency of compact photonic devices.! Our understanding of
the intermediate-range structural aspects of RE clustering in
glasses including cluster size and intra-cluster RE-RE dis-
tances have remained largely rudimentary in spite of the ex-
tensive structural studies of these materials using a variety of
spectroscopic techniques in the recent past.!*%-12 In terms of
local coordination environment of the rare earth ions cluster-
ing may correspond to the formation of R-O-R type of link-
ages (R=RE) in the glass structure. Previous spectroscopic
studies of Nd-doped SiO, and Yb-doped GeO, glasses have
shown strong evidence in favor of the formation of
Nd-O-Nd and Yb-O-YDb linkages in the glass structure, at
doping levels of only a few hundred to a few thousands of
ppm by weight of Nd,O; or Yb,05.8710 It has also been
shown that codoping these glasses with a second high field
strength ion such as Al or P results in a breakup of these
clusters and a partial to complete homogenization in the spa-
tial distribution of the RE ions.®3~10 However, the structural
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length scales associated with the clustering process and the
atomic-scale mechanism of the homogenization process are
still not well understood.

Recent developments in two-dimensional (2D) pulsed
electron paramagnetic resonance (EPR) spectroscopic tech-
niques have enabled researchers to obtain structural informa-
tion beyond the nearest-neighbor coordination environments
of paramagnetic centers present at low concentrations in
glasses.” We report here the results of the application of 2D
hyperfine sublevel correlation (HYSCORE) EPR spectros-
copy to obtain a direct atomic-scale understanding of the
homogenization process of dopant Yb** ions in vitreous SiO,
glass on codoping with Al and P. Yb has been chosen as a
model RE ion since Yb-doped glasses have shown significant
potential in recent years as candidates for high-power fiber
laser and amplifier applications in the 1 um wavelength
region. 314

The SiO, glasses used in this study were doped with
0.1 wt. % (1000 ppm) Yb,05 and were codoped with either
Al such that the Al: Yb atomic ratio is ~3:1 or with P such
that the P: Yb atomic ratio is ~10: 1. All glass samples were
prepared by conventional melt quenching method. The
Yb-Al-codoped glass sample was prepared from high-purity
constituent oxides. In the case of synthesis of the
Yb-P-codoped SiO, glass, an Yb-doped SiO, glass, and a
binary 30% P,05-70% SiO, glass were used as batch
materials. The Yb-SiO, glass was prepared by melting a
mixture of constituent oxides while phosphoric acid
was used as the source of P for the synthesis of the
30% P,05-70% SiO, glass. The batch materials were finely
crushed in an agate mortar, contained in 80% Pt-20% Rh
crucibles and were melted at 1800 °C for 3 h in a furnace
(Deltech DT-33-CVT-912) in air. These melts were cooled in
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air and the resulting glasses were finely crushed and remelted
for another 3 h at 1800 °C to ensure chemical homogeneity
and finally quenched in water.

All EPR measurements were carried out using a pulsed
EPR spectrometer (Bruker ESP 380) in the X band at 5 K.
The echo detected EPR (EDEPR) spectra of different
samples were collected using two-pulse echo sequences:
/2-m-m-71-echo or 2mw/3-m-2m/3-m-echo while sweeping
the magnetic field. For EDEPR typical m-pulse length of
24 ns, m/2-pulse length of 16 ns, 277/3-pulse length of 96 ns
and time delays 7 ranging from 200 to 600 ns were used.

The HYSCORE spectroscopy is a two-dimensional exten-
sion of the familiar three pulse electron spin echo envelope
modulation (ESEEM) technique with an additional mixing
m-pulse which improves the resolution and provides infor-
mation that is not easily obtained from one-dimensional
ESEEM spectra. It has been used successfully especially in
disordered systems to study the hyperfine interactions (HFI)
between electron spins and nearby nuclei with nonzero
nuclear spin 1.%!31® The interpretation of the HYSCORE
spectra is often simpler than that of the one-dimensional
ESEEM spectra especially in the case of hyperfine coupling
with quadrupolar nuclei with /> 1/2 that results in overlap-
ping nuclear transition frequencies.>~!” The pulse sequence
/) 2-1-1/2-t;-m-ty-m/2-T-echo is typically used for
HYSCORE measurements. The first two /2 pulses create
the nuclear coherence between the sublevels of the electron-
nuclear spin manifolds. The populations of these manifolds
are exchanged by the 7 pulse after the evolution period #,.
The resulting correlation between the corresponding nuclear
transitions is detected with a /2 pulse after a time #, in the
form of an echo.!” A 7r-pulse length of 16 ns and a 7r/2-pulse
length of 24 ns were used in our HYSCORE experiments. A
four-step phase cycle was applied in order to avoid interfer-
ences of unwanted echoes.!” Starting values of ¢, and ¢, in
the pulse sequence were 96 ns. The time increment in both
dimensions was chosen to be 16 ns at various 7 values.

The echo detected EPR (EDEPR) spectra for the glass
sample of SiO, doped with Yb** and codoped with P,Os
(hereafter SYP) and for the sample of SiO, doped with Yb**
and codoped with Al,O3 (hereafter SYA) are shown in Fig.
1. An echo signal was observed at zero magnetic field only
for the SYA sample. It should be noted that Yb** is a Kram-
ers ion with §=1/2 and has no zero field splitting.'® Theo-
retically the g value for Yb** cannot exceed 2A * M, where
M 1is the maximum value of the projection of the full angular
momentum, and A is the Lande factor for Yb>*. The main
term for Yb** is °F,,, which yields values for A=8/7 and
hence for g, =8, indicating that for our working frequency
of ~9.73 GHz no EPR absorption should be observable at
magnetic fields below ~80 mT for uncoupled Yb** ions.
This statement is valid for even isotopes of Yb (Yb'%®, Yb!70,
Yb'72, Yb'7#, and Yb'7°) that have 69.6% of the total natural
abundance.'® Besides there are odd isotopes, Yb'”! with
nuclear spin /=1/2 and Yb'”® with I=5/2 having 14.28%
and 16.13% of the natural abundance, respectively. Intensi-
ties of the hyperfine lines are approximately an order of mag-
nitude weaker for Yb'”! and even more for Yb'”? in com-
parison with the Zeeman lines of the even isotopes. The
typical overall spread of the hyperfine splitting is approxi-
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FIG. 1. Field-swept Yb** EDEPR spectra of (a) SYP and (b)
SYA glasses. Both spectra were collected with a two-pulse echo
sequence m/2-1-1-1-echo with m/2 pulse length=16 ns, 7 pulse
length=24 ns, and 7=200 ns. The broken line in (a) is the magnetic
field dependence of echo amplitude, calculated for hypefine cou-
pling with neighboring *'P nuclei and 7=200 ns (see text for
details).

mately 60 mT for the odd isotopes of Yb**. Hence, for un-
coupled Yb** ions no EPR signal should be observed corre-
sponding to any Yb?* isotope for the working frequency of
9.73 GHz at zero field. In that case the only reasonable ex-
planation for the observation of an echo at lower fields in the
case of SYA sample is the formation of pairs or more com-
plex clusters of Yb** ions. Previous EDEPR studies of Yb-
doped GeO, glasses and cw-EPR line shape simulations have
indicated that such clustering of Yb** ions corresponds to the
formation of Yb-O-Yb linkages in the glass structure.® The
presence of Yb** ion clusters in the SYA glass points toward
the fact that the relatively low level of Al codoping with
Al:Yb atomic ratio of ~3:1 is not sufficient to break up the
Yb-O-Yb linkages. On the other hand the lack of any evi-
dence of clustering in the SYP glass is consistent with the
high level of P codoping in this glass with P: Yb atomic ratio
of ~10:1. These results are also consistent with previous
fluorescence line-narrowing studies of Al/P and RE codoped
Si0, glasses, which have indicated that complete homogeni-
zation of RE dopants requires high Al/P codoping levels

100201-2

RAPID COMMUNICATIONS



DIRECT SPECTROSCOPIC OBSERVATION OF THE...

Frequency, {2 (MHz)

Frequency, t1 (MHz)

FIG. 2. Contour plot of 2D-HYSCORE spectrum of the SYA
glass sample recorded at a magnetic field of 400 mT with a 7 pulse
length=16 ns, 7/2 pulse length=24 ns, and 7=136 ns (see text for
other details).

such that Al/P:RE atomic ratio is ~10:1 or higher. The
Yb** EDEPR spectrum of the SYP glass shows modulation
arising from hyperfine coupling with nuclei that have non-
zero nuclear spin (Fig. 1). The broken line in Fig. 1(a) is the
magnetic field dependence of echo modulation amplitude V,
calculated for *'P nuclei and 7=200 ns according to the ap-
proximate relation®

2

(V(B,7))=1- 130TL2[3 —4 cos(2my;7) + cos 2m(2v;7)],
Vi
(1)

where T, is the perpendicular element of the anisotropic HFI
tensor with eigenvalues (T,,T,,-2T ), v; is the nuclear
Larmor frequency, 7 is time delay between microwave
pulses. The field dependence results from the dependence of
v;=gBB/h, where B is the magnetic field value and B is the
Bohr magneton. Equation (1) was solved for V(B, 7) with the
approximations of a weak anisotropic HFI and an isotropic
g-tensor. A comparison between the calculated V(B,7) and
the experimental Yb** EDEPR spectrum of the SYP glass
indicates that the latter is consistent with the presence of >'P
nuclei in the vicinity of the Yb** ions in this glass (Fig. 1). It
should be noted here that the Yb** EDEPR spectrum of the
SYA sample may also be influenced by the neighboring >’ Al
nuclei. However, fast damping of echo oscillations resulting
from the large quadrupole moment of the >’Al nuclei may
preclude the experimental observation of such oscillations.
The HYSCORE spectra for the SYA and SYP glasses,
collected at 400 and 348 mT, respectively, are shown in Figs.
2 and 3, respectively. These spectra show peaks only along
the diagonal. The most pronounced peak in the HYSCORE
spectrum of the SYA sample can readily be assigned to
neighboring Si atoms as the frequency of this peak corre-
sponds well with the Larmor frequency of *’Si nuclei which
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FIG. 3. Contour plot of 2D-HYSCORE spectrum of the SYP
glass sample recorded at a magnetic field of 348 mT, with a 7 pulse
length=16 ns, 7/2 pulse length=24 ns, and 7=104 ns (see text for
other details).

is ~3.38 MHz at 400 mT (Fig. 2). This result implies that
there is a weak anisotropic ligand HFI of Yb** ions with
neighboring Si*’ nuclei. The direct observation of Si neigh-
bors is an interesting result by itself considering the fact that
the natural abundance of the »Si isotope is only 4.67%. As-
suming the isotropic ligand HFI a;,,=0, an approximate es-
timation of the distance between Yb>* ion and a *°Si nucleus
can be made within the dipolar point approximation using
the formula for the perpendicular element 7', of anisotropic
HFI tensor!’

_ Mo gegnﬁeﬁn

= 2
YT 4anh RO @

where, ug is permeability of vacuum, g,, g, are electron and
nuclear g values and B, and S, are Bohr and nuclear mag-
netons, respectively. 7, in our case is equivalent to the
electron-nucleus dipolar coupling constant. 7, can be esti-
mated from the maximum frequency shift Ay, from the
antidiagonal in the HYSCORE spectrum at nuclear Larmor
frequency v; using the following relation?!:

=\2-—. 3)

However, Av,,,,. in the HYSCORE spectrum of the SYA
glass was found to be too small such that Eq. (3) could not
be used reliably for an approximate estimation of the average
Yb-Si distance. Instead 7, was roughly estimated from the
extension of the ridges for a;,,=0, with the assumption that
all orientation of the powder spectrum are present. Equation
(2), with this rough estimation of the 7', yields an average
Yb-Si distance of ~4.2 A in the SYA glass. Such Yb-Si
distances are consistent with the presence of Yb-O-Si link-
ages in the glass structure. Besides the strong 2si peak, the
HYSCORE spectrum of the SYA glass also shows a weak
signal at ~4.44 MHz that can be assigned to the Larmor
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frequency of 2’Al nuclei at 400 mT (Fig. 2). Unfortunately,
the >’Al signal is too weak to reliably estimate the Yb-Al
distances in this glass. However, similar spectral signature
from ?’Al nuclei has been observed in a previous study, in
the HYSCORE spectra of Nd and Al codoped SiO, glasses
where the Nd-Al distance was estimated to be 3.5 A indicat-
ing formation of Nd-O-Al linkages in the glass structure.’
Thus, the HYSCORE spectrum of the SYA glass provides
direct evidence in favor of the formation of Yb-O-Al link-
ages in the structure, even at such low doping levels of Al.
The codoping of the Yb-doped SiO, glass with Al,O5 there-
fore immediately results in replacement of the next-nearest
neighbors in the second coordination shell of Yb** ions.
Such a change in the intermediate-range environment must
play a key role in homogenization of the spatial distribution
of Yb. This hypothesis is corroborated by the HYSCORE
spectrum of the SYP glass which shows a single strong peak
at ~6.0 MHz that corresponds to the Larmor frequency of
3P at 348 mT (Fig. 3). Calculations on the basis of Egs. (2)
and (3) yield an average Yb-P distance of ~4.0 A in the
SYP glass. The complete lack of any peak in the HY SCORE
spectrum corresponding to 2’Si nuclei as well as the absence
of any echo signal at zero magnetic field for the SYP
glass indicate a complete replacement of the Yb-O-Si and
Yb-O-Yb linkages with Yb-O-P linkages. It may be noted
here that the phase relaxation times for the Yb’* ions are
found to be extremely short in these glasses (~250 ns),
which may preclude direct observation of Yb next-nearest
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neighbors in the HYSCORE spectrum. This is because the
relaxation times of Yb-Yb pairs/clusters may be too short, at
the fields used for the HYSCORE experiments reported here,
to observe electron spin echoes or modulations on the weak
echo from pairs/clusters.

Hence, a consistent and detailed structural picture of ho-
mogenization of the RE clusters in SiO, glass emerges when
the EDEPR and HYSCORE results for the SYA and SYP
glasses are taken together. The introduction of Yb,Oj5 in SiO,
glass at a doping level of ~1000 ppm results in clustering
and the second coordination shell of Yb** ions consists of
both Yb and Si resulting in the formation of Yb-O-Yb and
Yb-O-Si linkages. These Yb and Si next-nearest neighbors
start getting replaced by Al or P even at low levels of codop-
ing (Al/P:Yb atomic ratio of ~3:1) and such replacement
becomes complete as the level of codoping increases such
that Al/P:Yb atomic ratio is ~10: 1. Thus codoping with Al
or P results in the formation of structural pockets in the glass
consisting of Yb** ions with oxygen nearest neighbors and
Al/P next-nearest neighbors. Such structural pockets give
rise to homogenization of RE clusters via a spatial redistri-
bution of the Yb** ions in the glass structure and an increase
in the average Yb-Yb separation distance in the SiO, glass
structure.
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