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Spectroscopic properties of Er31- and Yb31-doped soda-lime silicate and aluminosilicate glasses
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A spectroscopic investigation of an extensive series of Er31-doped and Er31,Yb31-codoped soda-lime-
silicate ~SL! and aluminosilicate~AS! glasses is presented. Compared to SL glasses, 4f transitions in AS
glasses show higher oscillator strengths, larger inhomogeneous broadening, and smaller crystal-field splittings
of the respective excited-state multiplets. The Er31 excited-state relaxation dynamics is adequately described
by a combination of the Judd-Ofelt model and the energy-gap law. With the exception of4I 13/2, multiphonon
relaxation is dominant for all excited states, making it possible to efficiently pump the 1.55mm 4I 13/2→4I 15/2

emission by excitation of4I 11/2 at around 980 nm. The absolute4I 13/2 luminescence quantum yield, for low
980-nm excitation density (;5 W/cm2), h, is ;0.9 at 0.4 mol % Er2O3 and drops to about 0.65 upon increas-
ing Er2O3 to 1.2 mol %, indicating the onset of energy-transfer processes. Samples with high OH2 impurity
concentration suffer from significantly higher quenching of4I 13/2 luminescence at higher Er31 concentrations.
Energy migration to the minority of Er31 ions coordinated to OH2, followed by efficient multiphonon relax-
ation accounts for this effect. At low excitation densities, the strong near-infrared absorption of Yb31 in
combination with efficient Yb→Er energy transfer increases the4I 13/2 population density in
Yb31,Er31-codoped samples by up to 2 orders of magnitude compared to equivalent samples without Yb31.
The dependence ofh on Yb31 codotation of 0.4 mol % Er2O3-doped samples predicts that a minimum of
;0.8 mol % Yb2O3 is required to achieve efficient sensitization of Er31 by Yb31. The relative intensities of
upconversion luminescence from4S3/2 and 2H11/2 are used to analyze internal sample heating in detail. Due to
the high absorption cross section of Yb31, increasing the Yb31 concentration in Yb31,Er31-codoped samples of
given length increases the absorbed power and subsequently the total density of multiphonon emission, leading
to internal temperatures of up to 572 K in 0.4 mol % Er2O3 samples codoped with 4 mol % Yb2O3 and excited
with 51 kW/cm2. Multiphonon relaxation from4I 13/2 is shown to be inefficient even at these high internal
sample temperatures. From upconversion luminescence spectra of a series of glasses, the thermal conductivity
is estimated to be between 3.531022 and 7.731022 W m21 K21, in good agreement with the known value of
4.831022 W m21 K21 for soda-lime-silicate glass.@S0163-1829~97!03436-X#
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I. INTRODUCTION

In the last decade, the erbium ion (Er31) has established a
key role as the active ion in optical signal amplification f
the 1.55 mm telecommunications wavelength.1 In long-
distance optical networks, signal amplification is required
compensate for losses in the silica fiber, and with the us
Er31 systems, all-optical amplification rather than elect
optical regeneration can be achieved.2 The superb perfor-
mance of silica optical fibers and of Er31-doped fiber ampli-
fiers EDFA’s has led to a revolution in high-speed optic
telecommunications, enabling deployment of high-capa
fiber-optic links on a global scale.

The energy-level structure of Er31, depicted in Fig. 1,
permits pumping of the4I 11/2 excited-state multiplet aroun
980 nm by semiconductor lasers, and the4I 13/2 excited-state
multiplet is populated by subsequent multiphonon relaxati
Radiative relaxation of4I 13/2 to the 4I 15/2 ground-state mul-
tiplet may then provide gain around 1.55mm, a wavelength
which matches the attenuation minimum of silica optical
bers. The significant inhomogeneous broadening of the E31

optical transitions in the disordered glass hosts allows
wavelength multiplexing, and it is possible to simultaneou
560163-1829/97/56~15!/9302~17!/$10.00
o
of
-

l
y

.

-

r
y

operate several wavelength channels at multigigabit pe
data transmission rates in a single fiber-optical link.2

Planar-optical-waveguide amplifiers~POWA’s!, for ex-
ample waveguides fabricated on silicon wafers by silic
optical-bench processing techniques, are a variation of o
cal fiber amplifiers. A POWA component can integra
waveguides, semiconductor diode lasers, and a variety
passive optical elements on a single silicon chip, and it m
thus provide the significant reduction in both device size a
cost desired for all-optical local-area networks. This pote
tial for miniaturization of optical amplifiers has inspired co
siderable research interest in new Er31-based amplifier
materials.3–9 The restriction to compact~cm-scale! device
lengths in POWA’s requires, in order to achieve sufficie
pump-light absorption and net gain, much higher Er31 con-
centrations than the typical 100–300 ppm doping used in
several-tens-of-meters long EDFA’s. Recently, the feasibi
of POWA’s has been demonstrated,10–12 and the highest ne
gain of 15 dB was observed in a 14 600 ppm Er31-doped
4.5-cm-long soda-lime-silicate planar waveguide pumped
980 nm with 280 mW.12 This Er31 concentration is 100
times higher than the concentrations typically used
EDFA’s and the reduction in active length is substantial.
9302 © 1997 The American Physical Society
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56 9303SPECTROSCOPIC PROPERTIES OF Er31- AND Yb31- . . .
these high Er31 concentrations, however, energy-trans
processes between two or more Er31 ions, such as upconver
sion or energy migration to parasitic impurities, can beco
important and degrade the luminescence quantum yield f
the most important excited-state multiplet,4I 13/2. Together
with the intrinsically low absorption cross section of Er31 for
980-nm pump light, this adversely affects both the thresh
power and the gain per unit length and limits further optim
zation of Er31-based POWA’s. The use of ytterbium (Yb31)
as a sensitizer for Er31, a mechanism that has been know
for a long time,13 offers attractive alternatives to POWA ma
terials doped only with Er31. The 2F7/2→2F5/2 transition of
Yb31 in the near infrared~see Fig. 1! has a high absorption
cross section and, in combination with efficient Yb→Er en-
ergy transfer, may allow for a considerable reduction of E31

concentrations while maintaining sufficient pump-light a
sorption, making it possible to design short POWA devic
requiring only low excitation intensities.

The realization of Yb31-sensitized Er31-based POWA’s
involves optimization of a variety of parameters and the
fore requires a detailed knowledge of the excited-state
namics in order to design glasses with loss rates within
ceptable limits. This paper presents a detailed spectrosc
investigation of an extensive series of Er31-doped and
Yb31,Er31-codoped soda-lime-silicate and aluminosilica
bulk glasses. Compared to pure silica glass, soda-li
silicate and aluminosilicate glasses offer a 10–20 tim
greater solubility for rare-earth ions without forming io
clusters. In addition, the various constituents of soda-lim
silicate and aluminosilicate glasses provide a much wi
range for chemical modifications than pure silica. The dep
dence of the Er31 oscillator strengths on the glass compo
tion is discussed on the basis of a Judd-Ofelt intensity an
sis. Of particular interest is the origin of the spectral struct
in the 1.55-mm emission band and methods to smooth t
spectral gain profile. Absolute luminescence quantu

FIG. 1. Energies of2S11LJ multiplets of Er31 and Yb31. Only
Er31 multiplets in the energy range relevant to this study are sho
The solid arrows indicate the transitions used for excitation of
1.55mm (4I 13/2→4I 15/2) Er31 luminescence transition~open arrow!.
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yield measurements are used to establish useful Er31 and
Yb31 concentration regimes and to identify the efficie
quenching of4I 13/2 population at OH2impurity sites. A de-
tailed analysis of internal sample heating and its relevanc
the 4I 13/2 radiative relaxation properties is presented.

II. EXPERIMENT

A. Sample preparation

Soda-lime-silicate glasses were prepared from.99.999%
cationic purity powders of SiO2, Na2O, CaO, MgO, B2O3,
Li2O, GeO2, Sc2O3, La2O3, Er2O3, and Yb2O3, melted in Pt
crucibles at 1400 °C for up to 50 h under dry air
(,1 ppm H2O) in a resistance furnace, and cooledin situ.
Soda-lime-silicate glass series with a total rare-earth ox
concentration of 0.4, 1.25, 2.5, and 5 mol % with fixed 0
mol % Er2O3 were prepared. For aluminosilicate glasses,
.99.999% cationic purity SiO2, Al2O3, CaO, MgO, BaO,
P2O3, B2O3, La2O3, Er2O3, and Yb2O3 were used in a similar
preparation. Aluminosilicate glass series with a total ra
earth-oxide concentration of 2.5, 5, 10, and 15 mol % w
fixed 0.4 mol % Er2O3 and Al2O3 concentrations ranging
from 9 to 25 mol % were prepared. For both glass typ
concentration series of Er2O3 ~0.05–1.2 mol %! and concen-
tration series of 0.4 mol % Er2O3 samples codoped with
Yb2O3 ~0.2–4.0 mol %! were prepared. All samples were c
to rectangular parallelepipeds and optically polished. T
physical characterization of the samples included meas
ments of the density, refractive index, and Er31 and Yb31 ion
densities. The compositions of all glasses used in this st
are listed in Table I.

B. Spectroscopic experiments

With one exception, all experiments were carried out
room temperature. Absorption spectra in the visible, ne
infrared, and midinfrared spectral range were recorded o
Cary 5E ~Varian! and a FTS40~Bio-Rad! dry N2 purged
spectrometer, respectively.

An argon-ion laser pumped Ti:sapphire laser was use
excite the samples around 980 nm for the continuous-w
luminescence spectra in the visible~VIS! and near-infrared
~NIR! spectral regions, and for the lifetime measurements
the 1.55-mm emission of Er31. Sample luminescence wa
dispersed by a 1-m monochromator~spectral resolution
1.5 cm21 and 5 cm21 in the NIR and VIS, respectively! and
was detected using a cooled InGaAs diode~NIR! or a pho-
tomultiplier ~VIS! in combination with a lock-in amplifier.

A Nd:YAG pumped pulsed dye laser operating arou
698 nm ~LDS 698! was Raman shifted in H2 to produce
pulsed~8 ns, 10 Hz! excitation in the 980-nm range for th
measurements of upconversion luminescence spectra at
excitation densities. The same mode of excitation was u
for the measurement of temperature-dependent lifetime
the 1.55-mm emission of Er31. For this experiment, sample
were either cooled by a closed-cycle refrigerator or heate
a controlled heated resistance furnace.

Absolute luminescence quantum yields for t
4I 13/2→4I 15/2 transition around 1.55mm for excitation
around 980 nm were obtained from luminescence spe
recorded with the sample placed in a 6-in. Spectralon

n.
e
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4.1

.5
8.08

3.4

8.08
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TABLE I. Glass composition, glass densityr (g cm23), and refractive indexn at 589 nm for the soda-lime-silicate~top section! and
aluminosilicate~bottom section! bulk glasses used in this study. The Judd-Ofelt intensity parametersV (l) (10220 cm2), obtained from an
intensity-weighted least-squares fit of the oscillator strengths~see Fig. 2! to Eqs.~1! and ~2! @using the atomic parametersF (2)5422.45
cm21, F (4)565.05 cm21, F (6)56.743 cm21, z52371 cm21 ~Ref. 17!#, the full spectral width at half maximum FWHM (cm21) ~obtained
from a Gaussian fit to the highest-energy4I 15/2→4I 13/2 absorption peak, see inset Fig. 2!, and the ratio of nonbridging oxygen~NBO! versus
total rare-earth (RE31) concentrations,g @calculated from the glass composition~see Sec. IV B!# are shown for selected, representati
samples.

Glass composition
~mol % of the respective oxide!

r
(g cm23) n

Judd-Ofelt
parameters

(10220 cm2)
FWHM
(cm21) gSi Na Al Ca Mg Ba Li P Ge B Sc La Er Yb V (2) V (4) V (6)

72.42 13.57 8.81 3.95 1.20 0.05 2.58 1.526
72.42 13.57 8.81 3.95 1.15 0.10 2.58 1.526
72.42 13.57 8.81 3.95 1.05 0.20 2.58 1.526
72.42 13.57 8.81 3.95 0.85 0.40 2.58 1.525 4.32 0.83 0.41 201 2
72.42 13.57 8.81 3.95 0.45 0.80 2.59 1.524
72.42 13.57 8.81 3.95 0.05 1.20 2.61 1.523
72.42 13.57 8.81 3.95 0.05 0.80 0.40 2.61 1.521
72.42 13.57 8.81 3.95 0.45 0.40 0.40 2.60 1.522
72.42 13.57 8.81 3.95 0.65 0.20 0.40 2.60 1.523
71.70 14.70 4.00 8.80 0.83 2.53 1.511
72.20 14.80 4.00 8.90 0.14 2.43 1.504
72.00 14.70 4.00 8.90 0.41 2.47 1.508
73.02 13.69 8.88 3.98 0.20 0.20 2.51 1.514
73.02 13.69 8.88 3.98 0.40 2.51 1.516
73.02 13.69 8.88 3.98 0.20 0.20 2.49 1.514
72.40 13.57 8.81 3.95 0.05 0.80 0.40 2.60 1.522
72.40 13.57 8.81 3.95 0.45 0.40 0.40 2.59 1.523
72.40 13.57 8.81 3.95 0.05 0.40 0.80 2.61 1.522
72.40 13.57 8.81 3.95 0.85 0.20 0.20 2.58 1.523
72.40 13.57 8.81 3.95 0.65 0.20 0.40 2.58 1.524
72.40 13.57 8.81 3.95 0.25 0.20 0.80 2.60 1.521
70.98 13.30 8.64 3.87 1.96 0.83 0.39 2.58 1.528
70.98 13.30 8.64 3.87 1.96 0.64 0.20 0.39 2.60 1.527
70.98 13.30 8.64 3.87 1.96 1.03 0.20 2.61 1.526
73.00 13.70 8.90 4.00 0.40 2.53 1.519 4.56 0.83 0.35 196 69
69.60 13.10 8.50 3.80 4.60 0.40 2.97 1.571 5.31 1.11 0.51 218
69.60 13.10 8.50 3.80 2.60 0.40 2.00 3.01 1.565
69.60 13.10 8.50 3.80 2.00 2.60 0.40 2.84 1.573
69.60 13.10 8.50 3.80 2.00 0.60 0.40 2.00 2.91 1.560
69.60 13.10 8.50 3.80 0.60 0.40 4.00 3.09 1.568
71.50 13.40 8.70 3.90 2.10 0.40 2.71 1.539 4.94 0.89 0.46 208 1
71.50 13.40 8.70 3.90 0.10 0.40 2.00 2.78 1.534
71.50 13.40 8.70 3.90 0.50 0.40 1.60 2.78 1.538
71.50 13.40 8.70 3.90 0.90 0.40 1.20 2.76 1.537
71.50 13.40 8.70 3.90 1.30 0.40 0.80 2.75 1.538
71.50 13.40 8.70 3.90 1.50 0.40 0.60 2.73 1.530
71.50 13.40 8.70 3.90 1.70 0.40 0.40 2.72 1.537
71.50 13.40 8.70 3.90 1.90 0.40 0.20 2.71 1.538
69.70 13.20 8.50 3.80 2.30 0.10 0.40 2.00 2.79 1.537
61.50 13.40 8.70 3.90 10.00 0.10 0.40 2.00 2.96 1.552
69.60 6.55 8.50 3.80 6.55 4.60 0.40 2.95 1.581 5.05 1.09 0.61
65.00 20.00 14.95 0.05 3.57 1.652
65.00 20.00 14.90 0.10 3.57 1.652
65.00 20.00 14.80 0.20 3.57 1.652
65.00 20.00 14.60 0.40 3.57 1.652
65.00 20.00 14.20 0.80 3.58 1.652
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TABLE I. ~Continued.!

Glass composition
~mol % of the respective oxide!

r
(g cm23) n

Judd-Ofelt
parameters

(10220 cm2)
FWHM
(cm21) gSi Na Al Ca Mg Ba Li P Ge B Sc La Er Yb V (2) V (4) V (6)

65.00 20.00 13.80 1.20 3.59 1.652
70.00 15.00 14.60 0.40 3.55 1.646 6.41 1.42 0.82 259 2
65.00 20.00 14.20 0.40 0.40 3.59 1.651
65.00 20.00 13.80 0.40 0.80 3.60 1.651
65.00 20.00 14.40 0.20 0.40 3.58 1.651
65.00 20.00 14.00 0.20 0.80 3.59 1.651
60.60 9.40 11.40 11.20 2.50 2.60 0.40 2.00 3.23 1.602
60.60 9.40 11.40 11.20 2.50 0.60 0.40 4.00 3.23 1.592
60.60 9.40 11.40 11.20 2.50 2.00 2.60 0.40 3.02 1.600 5.46 1.61 0.85
60.60 9.40 11.40 11.20 2.50 2.00 0.60 0.40 2.00 3.09 1.594
60.60 9.40 11.40 11.20 2.50 4.60 0.40 3.12 1.606 5.44 1.55 0.84
57.50 8.90 10.80 10.60 2.40 4.80 0.60 0.40 4.00 3.25 1.591
58.20 9.00 10.90 10.80 2.40 1.90 0.60 0.40 3.80 3.17 1.585
62.10 9.60 11.70 11.50 2.60 2.10 0.40 2.90 1.572 5.68 1.45 0.80
62.10 9.60 11.70 11.50 2.60 0.10 0.40 2.00 2.88 1.567
62.10 9.60 11.70 11.50 2.60 0.50 0.40 1.60 2.85 1.569
62.10 9.60 11.70 11.50 2.60 0.90 0.40 1.20 2.93 1.570
62.10 9.60 11.70 11.50 2.60 1.30 0.40 0.80 2.93 1.571
63.20 8.90 25.40 2.10 0.40 2.87 1.582 6.24 1.30 0.74 252 9
63.20 8.90 25.40 0.10 0.40 2.00 2.92 1.578
65.00 25.00 9.60 0.40 3.25 1.614 7.14 1.58 0.92 270 0
65.00 25.00 7.60 0.40 2.00 3.29 1.610
65.00 25.00 5.60 0.40 4.00 3.38 1.608
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coated integrating sphere and excited by an argon-ion la
pumped Ti:sapphire laser. The luminescence was dispe
by a 0.25-m monochromator and detected as descr
above. The absolute spectral response of the setup wa
termined from a measurement of a NIST-calibrated coil
coil tungsten lamp operated by a high-precision consta
current source. The total emission rate around 1.55mm was
calculated by numerical integration of the corrected spec
profile and subsequent application of a reabsorption cor
tion factor obtained from a geometrical Monte Carlo simu
tion of radiation trapping.14 The absorption coefficient at th
excitation wavelength and the refractive index were used
calculate the total absorption rate considering multiple in
nal reflection in the sample. The absolute accuracy of
results was verified by cross-checking luminescence qu
tum yields for well-known commercial Nd31-doped laser
glasses~LG750 and LG760, from Schott Glass Technol
gies, Duryea, PA!.15

III. RESULTS

Figure 2 presents representative near-infrared and vis
absorption spectra of Er31-doped soda-lime-silicate~SL! and
aluminosilicate~AS! glasses as well as of Yb31-doped alu-
minosilicate~AS! glass at room temperature. The energ
and relative extinction coefficients for transitions to the va
ous 2S11LJ excited-state multiplets are typical for both ion
in an oxide glass environment. In contrast to the ma
excited-state multiplets of Er31, the Yb31 ion has only one
er-
ed
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-
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e
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le

s
-

y

excited-state multiplet (2F5/2), and the respective absorp
tions form the 2F7/2 ground-state multiplet are observe
around 10 245 cm21 ~976 nm!. The peak absorption cros
section as well as the oscillator strength of2F7/2→2F5/2 are
more than an order of magnitude greater than for the E31

4I 15/2→4I 11/2 absorptions in this energy range. The diso
dered glass structure leads to significant inhomogene
broadening of all the lines. Both the linewidths and the o
cillator strengths are greater for AS glass than for SL gl
for all the transitions in this energy range. The inset, wh
shows the glass samples with the largest~AS! and smallest
~SL! broadening, illustrates that the overall five-peak stru
ture as well as the total energy width of the4I 15/2→4I 13/2

~1.52 mm! absorption band is similar in both AS and S
glass. Although much sharper, the various4I 15/2→4I 13/2

crystal-field transitions of a Y2O3:1% Er31 single crystal at
room temperature show, qualitatively, a similar spect
structure.

A representative, room-temperature luminescence sp
trum obtained for continuous-wave4I 15/2→4I 11/2 excitation
~980 nm! of an Er31-doped SL glass is shown in Fig. 3
Luminescence from the excited4I 11/2 state is almost absen
whereas intense luminescence from4I 13/2 is observed. This
is indication for a high efficiency of the nonradiative rela
ation of 4I 11/2 to 4I 13/2. Evidence for efficient4I 11/2 relax-
ation is also found in the luminescence transients of b
these states. As shown in the left inset, the decay of4I 11/2
population is directly correlated to the fast rise of4I 13/2
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FIG. 2. Room-temperature absorption spec
representative of Er31-doped soda-lime-silicate
~SL! and aluminosilicate ~AS! glass, and
Yb31-doped aluminosilicate~AS! glass. The inset
shows the4I 15/2→4I 13/2 transition for SL and AS
glass and for a Y2O3:1% Er31 crystal. The peak
used to analyze changes in the inhomogene
broadening~Secs. IV A and IV B! is marked with
an asterisk.
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population, both time constants obtained from single ex
nential fits being identical~7.5 ms! within the experimental
accuracy. Besides near-infrared luminescence, weak up
version luminescence from2H11/2, 4S3/2, and 4F9/2 is ob-
served in the visible range. The relative intensities of
various Er31 radiative transitions in these silica-bas
glasses are very different from those observed in low-pho
glasses ~and crystals! such as the fluorozirconate gla
ZBLAN ~53 ZrF4220 BaF223.5 LaF323.5 AlF3220 NaF!.
In Fig. 3, the 4I 11/2 excited luminescence spectrum
ZBLAN:0.3 wt % ErF3 is shown to scale for comparison. I
ZBLAN:Er31, the multiphonon relaxation of4I 11/2 is
strongly suppressed, giving rise to a pronounced increas
4I 11/2 as well as upconversion luminescence at the expe
of 4I 13/2 luminescence. Between 13 000 and 20 000 cm21,
the integrated upconversion luminescence intensity
-

n-

e

n

of
se

is

4.23105 times greater in ZBLAN:0.3 wt % ErF3
~0.3731020 Er31 cm23) than in SL:0.4 mol % Er2O3
~1.9731020 Er31 cm23) for the same absorbed (4I 11/2)
power. The right inset illustrates the decrease of upconv
sion luminescence from2H11/2 relative to luminescence from
4S3/2 with the temperature decreasing from 300 to 20 K in
0.4 mol % Er2O3-doped soda-lime-silicate excited aroun
980 nm with low~pulsed! intensity.

The dependence of the Judd-Ofelt intensity parame
V (2) and V (6) ~obtained from an intensity-weighted leas
squares-fitting procedure! on the ratio of nonbridging oxygen
~NBO! versus total rare-earth~RE! ion concentrations,g, is
shown in Fig. 4, which includes data of several SL and
glasses used in this study. TheV (2) andV (6) parameter val-
ues are used as a linear measure for the average cova
and the average force constant of the Er31-oxygen bonds,
ce

-
i-
-

ted
he

ion
FIG. 3. Room-temperature luminescen
spectra for a 0.4 mol % Er2O3-doped soda-lime-
silicate glass~SL! (1.9731020 Er31 cm23) and a
0.3 wt % Er31-doped ZBLAN fluoride glass
(0.3731020 Er31 cm23) excited by the
4I 15/2→4I 11/2 transition around 980 nm. The mul
tiplet terms indicate the initial state of the trans
tion to the4I 15/2 ground-state multiplet. The spec
tra are corrected for absorbed power and plot
on the same normalized intensity scale. T
equivalence of the4I 11/2 decay and the4I 13/2 rise
for SL:0.4 mol % Er2O3 is shown in the left inset
and the temperature dependence of upconvers
luminescence from 4S3/2 and 2H11/2 in a
SL:0.4 mol % Er2O3 is shown in the right inset.
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FIG. 4. V (2) andV (6) Judd-Ofelt intensity pa-
rameters of various 0.4 mol % Er2O3-doped soda-
lime-silicate ~squares! and aluminosilicate
~circles! glasses~from Table I! as a function of
the ratio of nonbridging oxygen~NBO! vs total
rare-earth (RE31) concentrations,g. The curves
are shown to guide the eye. Covalency and for
constant of Er-O bonds are discussed in S
IV B and compared to the trend of theV (2) and
V (6) parameter values.
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pa-
respectively. The Judd-Ofelt model suggests an increa
covalency and a decreasing force constant of
Er31-oxygen bond upon loweringg.

Figure 5 shows, for a variety of Er31-doped SL and AS
glasses, the dependence of4I 15/2→4I 13/2 oscillator strengths,
f , obtained from room-temperature absorption spectra~see
Fig. 2! on the 4I 13/2 relaxation rate constants,b, obtained
from single-exponential fits to 4I 13/2→4I 15/2 room-
temperature luminescence transients. The4I 15/2→4I 13/2 os-
cillator strength for both SL~squares! and AS ~circles!
glasses is found to be a linear function of the4I 13/2 relax-
ation rate constant. The intersection of the linear fit at
origin (b f→0523.165.1 s21) indicates the virtual absenc
of nonradiative processes from4I 13/2 in the regime of low
excitation densities used in this experiment.

The absolute4I 13/2 luminescence quantum yield,h, is de-
fined as the ratio of the number of photons emitted by
4I 13/2→4I 15/2 (;1.55mm) transition and the number of pho
ng
e

e

e

tons absorbed at the excitation wavelength (;980 nm) at
low excitation densities (<5 W/cm2). Figures 6 and 7 show
h for Er31-doped and Er31,Yb31-codoped SL and AS
glasses, respectively. For both glass types, the quantum y
is around 0.90 at low Er31 concentrations and drops to abo
0.65 at 1.2 mol % Er2O3 @Figs. 6~a! and 6~b!#. A much more
pronounced drop, indicative of an additional quenchi
mechanism, is observed for a SL glass prepared with a h
OH2 concentration (255615 ppm OH2) @Fig. 6~c!#.

Figure 7 compiles quantum yields for a variety of S
~squares! and AS ~circles! glasses doped with 0.4 mol %
Er2O3 and codoped with Yb2O3. The dotted line is shown to
guide the eye, and it defines three Yb31 concentration re-
gimes: the data suggest a highh for low Yb31 concentration
~regime i!, a low h for intermediate Yb31 concentration~re-
gime ii!, and a restored high value ofh at high Yb31 con-
centration~regime iii!.

The control of atmospheric conditions during glass pre
-

FIG. 5. 4I 15/2→4I 13/2 oscillator strengths,f ,
for soda-lime-silicate~squares! and aluminosili-
cate ~circles! glasses as a function of room
temperature4I 13/2 relaxation rate constants,b.
The horizontal bar on thex axis indicates the
standard deviation of thex intercept.
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FIG. 6. Absolute 4I 13/2 luminescence quan
tum yields ~for ;980 nm excitation! at room-
temperature and low excitation densi
(<5 W/cm2) for a concentration series o
Er31-doped ~a! soda-lime-silicate,~b! alumino-
silicate, and ~c! OH2 rich soda-lime-silicate
(255615 ppm OH2) glasses.
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ration allows for a tuning of the concentration of OH2 im-
purities in the samples. Figure 8 shows representative ro
temperature midinfrared absorption spectra of the soda-li
silicate and aluminosilicate glasses used in Fig. 6. The
peaks around 3500 and 2900 cm21, prominent in the
OH2-rich SL sample, are assigned to fundamental[SiO-H
vibrations in which the OH group is either free or engaged
hydrogen bonding with a neighboring nonbridging oxyg
atom ~NBO!, respectively.16 Indicated OH2 concentrations
therefore represent the sum of various types of Si-OH c
figurations and were calculated using the oscillator stren
values derived by Scholtze.16 OH2 concentrations of 255
615 ppm and ,55615 ppm were estimated for th
OH2-rich glasses and for the glasses prepared under dr
mosphere (,1 ppm H2O), respectively.

Upconversion luminescence spectra for several
-
e-
o

n

-
th

at-

S

glasses excited around 975 nm are shown in Fig. 9.
excitation density was 51 kW/cm2 in the focal region, and
the samples (;0.5 cm3) were at room temperature at th
surface. Due to the small2H11/22

4S3/2 energy separation
the 2H11/2 excited state is easily thermally populated fro
4S3/2 and subsequently contributes to the radiative relaxa
in this spectral range at room temperature~see right inset,
Fig. 3!. From bottom to top, a strong increase of t
2H11/2→4I 15/2 to 4S3/2→4I 15/2 intensity ratio is observed, in
dicating an increasing internal sample temperatureTi . This
trend is correlated with an increasing absorption coefficie
a(lex), at the excitation wavelength,lex, which was
achieved by Yb31 codotation of the 0.4 mol % Er2O3-doped
glasses.

Figure 10 plots internal sample temperaturesTi calculated
from upconversion luminescence spectra~as shown in Fig. 9!
-

ty
4

e

FIG. 7. Absolute 4I 13/2 luminescence quan
tum yields ~for ;980 nm excitation! at room-
temperature and low excitation densi
(<5 W/cm2) for a concentration series of 0.
mol % Er2O3-doped soda-lime-silicate~squares!
and aluminosilicate~circles! glasses codoped
with Yb2O3. The dotted line, shown to guide th
eye, defines three Yb31 concentration regimes
discussed in Sec. IV D 2.
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FIG. 8. Representative room-temperatu
midinfrared absorption spectra of the soda-lim
silicate ~SL! and aluminosilicate~AS! glasses
shown in Fig. 6. The two high-energy vibrationa
OH2 modes around 3500 cm21 and 2900 cm21

are prominent in the OH2-rich sample and
strongly suppressed in the samples prepared
der dry air (,1 ppm H2O).
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as a function of the absorption coefficient at the excitat
wavelength,a(lex), for a variety of 0.4 mol % Er2O3-doped
SL and AS glasses codoped with 0–4 mol % Yb2O3. Within
the accuracy of the data, SL~squares! and AS ~circles!
glasses exhibit the same behavior. As indicated by the alm
linear dependence ofTi on a(lex), the involved transitions
were not saturated at the 51-kW/cm2 excitation intensity
used for these experiments. Significant internal sample h
ing is only found for samples codoped with Yb31 @a(lex)
.0.5 cm21#, and the maximum internal sample temperatu
of 572 K is measured for a 0.4 mol % Er2O3 aluminosilicate
codoped with 4 mol % Yb2O3. The inset shows the
2H11/2→4I 15/2 to 4S3/2→4I 15/2 luminescence intensity ratio
as a function of excitation wavelength in the region of t
Yb31 absorption~see Fig. 2! for a codoped aluminosilicate
glass. The similarity of this curve and the correspond
Yb31 absorption spectrum is another manifestation of
n

st

at-

e

g
e

correlation of internal temperature and absorption coe
cient.

The temperature dependence of the4I 13/2 lifetime in a
0.4 mol % Er2O3-doped soda-lime-silicate glass is presen
in Fig. 11. Only a slight drop from 13.8 to 11.4 ms is foun
upon increasing the sample temperature from 12 to 678
This decrease results from the shorter radiative lifetimes
be found in higher-lying crystal-field levels of the4I 13/2 mul-
tiplet, and it is consistent with the multiphonon relaxatio
from the 4I 13/2 multiplet being negligible, even in the mos
strongly internally heated samples shown in Fig. 10.

IV. DISCUSSION

The present study focuses on the properties of exc
states of Er31 and Yb31 with energies below 27 000 cm21,
i.e., on the visible and near-infrared spectral range, and
u-
%
ed
FIG. 9. Room-temperature upconversion l
minescence spectra of several 0.4 mol
Er2O3-doped aluminosilicate glasses codop
~except bottom sample! with Yb2O3 and excited
around 975 nm with 51 kW/cm2. The absorption
coefficient at the excitation wavelength,a(lex),
and the calculated internal temperature,Ti ~see
Sec. IV D 3!, are indicated.
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FIG. 10. Calculated@Eqs.~7! and~8!# internal
sample temperaturesTi for a variety of 0.4 mol %
Er2O3-doped soda-lime-silicate~squares! and alu-
minosilicate ~circles! codoped with 0–4 mol %
Yb2O3 as a function of the absorption coefficien
a(lex) at the excitation wavelengthlex. Glasses
with a~lex!.0.5 cm21 correspond to sample
codoped with Yb2O3. The solid curve is a least
squares fit of Eq.~10! to the entire data set. The
inset compares the2H11/2/4S3/2 upconversion in-
tensity ratio~see Fig. 9! with the absorption co-
efficient as a function of the excitation wave
length in the2F7/2→2F5/2 absorption region of a
Yb31, Er31-codoped aluminosilicate glass.
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respective 4f energy-level diagrams of both ions are sch
matically shown in Fig. 1. The transitions4I 15/2→4I 11/2 and
2F7/2→2F5/2 were used to excite Er31 and Yb31 around 980
nm, respectively. Sections IV A–IV C first consider singl
ion processes and discuss inhomogeneous broadening, r
tive transitions, and multiphonon relaxation of Er31 in vari-
ous soda-lime-silicate~SL! and aluminosilicate~AS! glasses.
Two-ion energy-transfer processes are subsequently in
duced in Sec. IV D, where the role of Yb31 as a sensitizer for
Er31 is analyzed.

A. Inhomogeneous broadening vs crystal-field splitting

The spectral structure of the Er31 4I 15/2↔4I 13/2 transition
is of particular interest for optical signal amplificatio
around 1.55mm since it determines both the number and
wavelength of channels which can be operated within
-

dia-

o-

e
e

4I 13/2→4I 15/2 gain profile in a POWA device. The disordere
glass host offers a broad distribution of coordination sites
Er31 and Yb31 ions and, as a result, optical transitions a
inhomogeneously broadened. In contrast to crystalline ho
the absorption spectra in Fig. 2 therefore show little spec
structure.

In Fig. 2 it is evident that the various absorption tran
tions show more structure in SL glass than in AS glass. T
is particularly obvious in the inset which presents the le
~SL! and the most~AS! broadened4I 15/2→4I 13/2 absorption
spectrum in the glasses studied here. At a given tempera
the spectral profile of an optical transitionuSLJ&→uS8L8J8&
is determined by the crystal-field splittings of the respect
multiplets, the oscillator strengths of the individual crysta
field transitions, the homogeneous broadening~e.g., thermal
broadening!, and the inhomogeneous broadening~mainly a
result of short-range disorder in the host lattice!. The inho-
he

ed
FIG. 11. Temperature dependence of t
4I 13/2 lifetime in a 0.4 mol % Er2O3-doped soda-
lime-silicate glass. The values were obtain
from single-exponential fits to the 1.55-mm lumi-
nescence transients~not shown!.
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mogeneous broadening in rare-earth-doped crystalline h
is typically much smaller than the overall crystal-field spl
ting of 2S11LJ multiplets, and the various peaks within
uSLJ&→uS8L8J8& transition usually correspond to individua
~mainly homogeneously broadened! crystal-field transitions
~see, e.g., the Y2O3:Er31 spectrum in the inset of Fig. 2!. In
glasses, on the other hand, inhomogeneous broadening
in principle, become comparable to or greater than the o
all crystal-field splitting of the 2S11LJ multiplets. The
4I 15/2→4I 13/2 absorption spectra~inset Fig. 2! provide infor-
mation on the relative magnitude of the inhomogene
width in the present SL and AS glasses. Although the wi
of the various features in the4I 15/2→4I 13/2 spectral profiles
differs appreciably between SL and AS glasses, the five-p
structure as well as the total width of the transition is ve
similar. From the crystal-field splittings of4I 15/2 and 4I 13/2
reported for the Er31-doped oxide crystals YAG, YSAG, an
YSGG,17 the total width of the4I 15/2→4I 13/2 transition is
expected to be about 370– 430 cm21 at room temperature
This value is in good agreement with the total width of abo
280– 350 cm21 which is spanned by the five peaks shown
Fig. 2. In addition, the4I 15/2→4I 13/2 absorption spectra of SL
and AS glass show much similarity, in both the energy p
sition and the relative intensity of the main features, with
room-temperature absorption spectrum of a 1% Er31-doped
Y2O3 crystal. For both SL and AS glass we therefore co
clude that the inhomogeneous broadening of4I 15/2↔4I 13/2
crystal-field transitions is bigger than the homogene
broadening but still significantly smaller than the over
crystal-field splitting of these multiplets. The structure of t
4I 15/2↔4I 13/2 transition in both glasses is therefore main
determined by the4I 15/2 and 4I 13/2 crystal-field splittings, the
latter being of slightly smaller magnitude compared to ox
crystals.

This conclusion defines the realizable wavelength ra
of 1.55-mm signal amplification by Er31. Since the
4I 13/2→4I 15/2 luminescence range is determined by the cr
tal field, even in highly disordered glasses, the energy ra
in which useful gain can be achieved is about 6050 cm21

~1.65 mm! to 6900 cm21 ~1.45 mm! ~see Fig. 3!. However,
maximizing inhomogeneous broadening is essential for
taining a smooth gain profile in this wavelength range. S
tion IV B provides a detailed analysis of the factors det
mining the magnitude of inhomogeneous broadening an
overall crystal-field splittings in the present glasses.

B. Judd-Ofelt analysis

Oscillator strengths obtained from room-temperature
sorption spectra of Er31-doped SL and AS glasses~see Fig.
2! were used as experimental input for a Judd-Ofelt inten
analysis. The Judd-Ofelt model describes the perturbatio
the 4f n states by opposite parity 4f n21nl ~where nl is
mainly 5d! on the basis of three parametersV (l) (l
52,4,6).18–20 The model assumes the states of the pertu
ing 4f n21nl configurations to be degenerate and the ene
difference between these perturbing states and all the s
of the 4f n configuration to be equal. The model further a
sumes an isotropic medium, equal frequencies of the crys
field transitions within auSLJ&→uS8L8J8& multiplet transi-
tion, and equal thermal population of the crystal-field lev
sts
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within the uSLJ& initial state. For rare-earth-doped glasses
room temperature these conditions are typically sufficien
well satisfied. The electric-dipole-induced oscillator streng
f ed, of a transitionuSLJ&→uS8L8J8& is then given by

f ed5
8p2mn

3h

xed

~2J11! (
l52,4,6

V~l!u^SLJiU~l!iS8L8J8&u2,

~1!

where m is the electron mass,n is the frequency of the
transition, andxed is the electric-dipole local-field correctio
which is (n212)2/9n and n(n212)2/9 for absorption and
emission, respectively, withn being the sample refractive
index. The reduced matrix element of the tensor opera
U (l) in Eq. ~1! can be approximated on the basis of interm
diate couplinguSLJ& wave functions, i.e., it includes th
electronic repulsion parametersF (k) and the spin-orbit cou-
pling constantz. For the following analysis of SL and AS
glasses, these parameters have been estimated from co
tion crystal-field calculations reported for several Er31-doped
oxide crystals,17 and the average values F (2)
5422.45 cm21, F (4)565.05 cm21, F (6)56.743 cm21, z
52371 cm21 were assumed.~Note the conversion relation
F (2)5225•F (2) , F (4)51089•F (4) , and F (6)5(184041/25)
•F (6) .! The magnetic-dipole induced isotropic oscillat
strength,f md, which is nonzero for transitions withDJ50,
61, is given by

f md5
8p2mn

3he2

xmd

~2J11!
umBu2u^SLJiL12SiS8L8J8&u2,

~2!

wheree is the electron charge,mB is the Bohr magneton, and
xmd is the magnetic-dipole local-field correction which isn
and n3 for absorption and emission, respectively. TheV (l)
parameters are obtained from intensity-weighted lea
squares fitting of calculated total oscillator strengthsf i→ j

5f ed
i→ j1 f md

i→ j @Eqs. ~1! and ~2!# to experimental oscillator
strengthsf expt.

i→ j . ~f expt.
i→ j is obtained by numerical integration o

the i→ j absorption@e( n̄) in ( l mol21 cm21) vs n̄ in (cm21)#
and conversion according to f expt

i→j 54.319 0 7
31029 mol cm2

• l 213* i→ je( n̄)dn̄.) The results for vari-
ous Er31-doped SL and AS glasses are summarized in Ta
I.

With the addition of glass modifiers (Mn1) such as Na1,
Ca21, Mg21, or rare-earth (RE31) ions, linkages in the
@SiO4# network of silica glass are broken. Consequen
there are bridging oxygen~BO! atoms and nonbridging oxy
gen~NBO! ions, the latter having a formal charge of21 and
being the only negatively charged species in the glass
effect, the silica network becomes a polyanion with net ne
tive charge primarily localized at NBO’s. Charge balance
achieved with the presence of the constituent cationsMn1 in
interstitial sites. Depending on the structure of the netw
and on the size, charge, and field strengths of these cat
they will form associates with network oxygens with varyin
degrees of ionic/covalent character. As the number of NB
per Si atom increases not only does the overall network
tain ~i! higher negative charge,~ii ! higher probability of
NBO’s on adjacent Si atoms, and~iii ! higher probability of
multiple NBO’s on any given Si atom but it can also~iv!
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more easily undergo structural reorganization to accom
date cations in preferred coordinations. The addition of a
mina adds another factor for it is expected to incorporate
the silica network in a tetrahedral coordination, eliminati
one NBO. Consequently there will be a net negative cha
associated with the aluminum site, spread over adjacent
gens and beyond, which must also achieve charge com
sation.

The following discussion is an attempt to extract inform
tion on the local interactions of Er31 with the surrounding
glass network as a function of glass composition from
Judd-Ofelt parametersV (2) and V (6) obtained from the ab-
sorption spectra. TheV (2) parameter was proposed to be
measure of the degree of covalency of the chemical bo
between RE31 and its nearest-neighbor atoms.21 Typical
V (2) values for Er31 systems range from 1310220 to
15310220 cm2, but values of up to 100310220 cm2 ~for
ErI3! have been observed in highly covalently bonded E31

complexes in vapors.22,23 The V (2) values derived from the
spectral measurements for SL and AS glasses range
4.32310220 to 7.14310220 cm2 ~Table I!, and a pronounced
;60% increase in theV (2) values is observed upon lowerin
the NBO/RE31 concentration ratio,g, from 69 to 0.5~see
Fig. 4!. The V (6) parameter was proposed to increase w
decreasing ‘‘rigidity’’ of the medium,21 i.e., the mean force
constant of the Er31-oxygen bonds in our context, andV (6)
values are usually higher for glasses than for crystals.
shown in Fig. 4,V (6) exhibits a similar dependence asV (2)
on g, significantly increasing asg is lowered from 69 to 0.5.
The Judd-Ofelt analysis therefore seems to indicate a hig
covalency and a lower force constant of the Er31-oxygen
bonds at low NBO/RE31 concentration ratios.

Since NBO’s are bonded to only one Si atom and oxyg
prefers a twofold coordination, part of the NBO exce
charge will be donated to a coordinating RE31 ion and form
a RE31-O-Si bond with significant covalent character a
structurally resembling the fundamental Si-O-Si linkage
the glass. A BO, on the other hand, engaged in a Si-O
linkage and coordinatively saturated, has donated most o
charge to the two Si atoms. A RE31 ion coordinating to a BO
therefore will receive little charge from the oxygen and th
form a RE31-OSi2 bond which is more ionic than th
RE31-NBO bond. Also, as a result of its higher degree
covalency and directionality, the RE31-NBO bond is ex-
pected to have a higher force constant. As the NBO/RE31

concentration ratio is compositionally lowered, RE31 ions
have to compete for preferred NBO coordination and an
creasing number of RE31 ions will be forced to coordinate to
BO’s. On average, a decrease of both the covalency and
force constant of the RE31-O bonds is therefore expecte
This conclusion is in contradiction to the trend ofV (2) and in
accordance with the trend ofV (6) shown in Fig. 4. This
result raises two questions:~i! is the proposed dependence
V (2) on the degree of covalency of the nearest-neigh
chemical bond21 universally valid and~ii ! do the Judd-Ofelt
parameters, which were derived from the absorption spe
of the bulk glasses, actually represent the correct ave
over the ensemble of all Er31-O bonds in the sample or ar
the parameters strongly determined by some specific Er31-O
bonds having a behavior different from that of the ensem
average? We are unable to answer these questions wi
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substantiating evidence. Also we have not addressed the
sible effect of Al incorporation and its associated negat
charge. This will affect the nature of adjacent BO’s and th
ability to interact with nearby cations. Specific informatio
on any idiosyncrasies of the structure of the RE31-doped
aluminosilicate glasses which may affect the situation
also unavailable. Our analysis, although based on a con
erable number of samples, illustrates some of the difficul
faced when trying to extract information on microscop
physical properties from the ‘‘bulk’’-type Judd-Ofelt param
eters.

C. Multiphonon vs radiative relaxation

The high vibrational energies~up to 1000– 1100 cm21! of
the basic@SiO4# structural unit of SL and AS glasses mak
nonradiative relaxation of Er31 excited states through mul
tiphonon emission a highly probable process. The rela
efficiencies of radiative and multiphonon relaxation to
large extent determine the intensity distribution of the lum
nescence spectrum. For most of the excited states, m
tiphonon relaxation is dominant, and, as shown in Fig.
luminescence from only a few states is observed. The m
tiphonon relaxation rate constant,kmp, from a given excited
state can be estimated from the energy-gap law. At 0
multiphonon relaxation is due to spontaneous phonon em
sion, and the respective rate constant is given by

kmp~0!5be2a~DE22\vmax!, ~3!

wherea and b are positive-definite constants characteris
of the host material,\vmax is the highest energy optical pho
non, andDE is the energy difference between the relaxi
and the next lower state.24 With increasing temperatureT,
the stimulated emission of phonons by thermal phonons
creases, andkmp(T) becomes

kmp~T!5kmp~0!•@12e2\vmax/kT#2p, ~4!

where p5DE/\vmax is the minimum number of phonon
required to bridge the energy gapDE.25,26 On the basis of
Eq. ~4!, room-temperature multiphonon relaxation rate co
stants for the various Er31 excited states can be estimated.
SL and AS glasses of compositions used here\vmax is 1100
and 1015 cm21, respectively,27 and the parametersa54.7
31023 cm21 andb59.03107 s21 reported for silica glass24

were used for the calculation. Since the multiplet energ
only change slightly between the two glass types, respec
energy gaps~given in Table II! have been assumed equa
The spontaneous radiative relaxation rate constantkr for a
transition j→ i is given by

kr
j→ i5

2pe2

e0mc3 •n2f j→ i5
2pe2

e0mc3 •n2n2f i→ j , ~5!

wheree0 is the vacuum permittivity andf 5 f ed1 f md is the
total oscillator strength@Eqs. ~1! and ~2!#. Table II summa-
rizes the calculated multiphonon relaxation rate consta
@Eq. ~5!# for the relevant excited-state multiplets of Er31.
With the exception of4I 13/2, multiphonon decay is the domi
nant relaxation process for all excited-state multiplets. T
slightly lower maximum phonon energy of AS glass d
creaseskmp(T) by about a factor of 2.2 with respect to S



s

th
-

56 9313SPECTROSCOPIC PROPERTIES OF Er31- AND Yb31- . . .
TABLE II. Calculated radiative (kr) @Eq. ~5!# and multiphonon (kmp) @Eq. ~4!# relaxation rate constant
(s21) and calculated radiative decay fractions@r 5kr /(kr1kmp)# for the lowest 2S11LJ multiplets in 0.4
mol % Er2O3-doped soda-lime-silicate (g569.5) and aluminosilicate (g50.50) glass.kr was calculated
from the Judd-Ofelt intensity parameters given in Table I.kmp was calculated using the parametersa54.7
31023 cm, b59.03107 s21, andT5300 K. Respective energy gapsDE have been assumed equal for bo
glasses. The highest vibrational energy\vmax is 1100 cm21 and 1015 cm21 for soda-lime-silicate and alu
minosilicate glass, respectively~Ref. 27!. Measured total relaxation rate constantskexpt are shown for com-
parison.

2S11LJ

DE
(cm21)

Soda-lime-silicate glass Aluminosilicate glass

kr kmp r kexpt kr kmp r kexpt

4I 13/2 6600 68 9.731022 0.9986 74.2 137 4.431022 0.9997 126.4
4I 11/2 3650 72 9.93104 0.0007 ;1.33105 172 4.63104 0.0037 ;1.33105

4I 9/2 2265 84 6.63107 ;0 206 3.03107 ;0
4F9/2 2810 546 5.23106 0.0001 1380 2.33106 0.0006
4S3/2 3000 393 2.13106 0.0002 1280 9.63105 0.0013
2H11/2 900 5044 4.131010 ;0 9648 1.831010 ;0
4F7/2 1280 1191 6.83109 ;0 3235 3.13109 ;0
b
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glass. In addition, the radiative decay rate constants are a
a factor of 2.5 higher in AS glass due to the higher oscilla
strengths, giving an overall increase of the radiative de
fraction r in AS relative to SL glass. The predicted dom
nance of radiative relaxation from4I 13/2, which is confirmed
by the SL:0.4 mol % Er2O3 luminescence spectrum shown
Fig. 3, is also reflected in Fig. 5. Assuming an averag
weighted 4I 13/2→4I 15/2 transition energy of 6548 cm21 and
an average refractive index of 1.574 for the samples sho
in Fig. 5, a slope in thef vs kr

j→ i graph of 1.4131028 s is
calculated from Eq.~5!. The linear fit to the data in Fig. 5
yields a slope of (1.2960.06)31028 s in approximate
agreement with the theoretical value. The measured re
ation rate constant,kexpt, is the sum of radiative (kr

j→ i) and
nonradiative relaxation rate constants, andkr

j→ i vanishes for
the hypothetical casef 50 @Eq. ~5!#. Therefore, thex-axis
intercept of the linear fit in Fig. 5 is a direct measure
nonradiative contributions to the4I 13/2 decay. The intercep
of 23.165.1 s21 obtained from the fit clearly shows th
absence of nonradiative relaxation from4I 13/2 in this low
excitation density regime, supporting the conclusio
reached above.

The calculated radiative decay fractions,r ~Table II!, in-
dicate that besides4I 13/2, radiative decay from4I 11/2, 4F9/2,
and 4S3/2 should also be observable. This is confirmed
Fig. 3 where weak luminescence from4I 11/2 and weak up-
conversion luminescence from4F9/2 and 4S3/2 is observed.
Upconversion luminescence from2H11/2 is a result of ther-
mal population of 2H11/2 from 4S3/2 at room temperature
and it is not present at low temperatures~see right inset, Fig.
3!. The upconversion luminescence properties of th
glasses will be discussed in Sec. IV D.

Er31-based materials for 1.55-mm optical amplification
rely on the high radiative quantum yield from4I 13/2 to pro-
duce net gain for the4I 13/2→4I 15/2 transition. For that pur-
pose, the4I 13/2 state can, in principle, be directly excite
However, excitation of the4I 11/2 state around 980 nm b
powerful semiconductor diode lasers is also a practical e
tation scheme, and in addition it allows for inversion of t
4I 15/2 and 4I 13/2 populations. From the above consideratio
out
r
y

d

n

x-

f

s

e
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s

it is evident that4I 11/2 excitation is very efficient in populat
ing the 4I 13/2 excited-state multiplet in silica-based glasse
The left inset in Fig. 3 illustrates the correlation between
fast decay of the4I 11/2 population (;7.8ms) and the rise of
the 4I 13/2 population. However, this excitation scheme is n
appropriate for all materials since the overall efficien
strongly depends on the relative magnitude of multiphon
and radiative relaxation rate constants. Requiring the4I 13/2
luminescence quantum yield for4I 11/2 excitation ~h! to be
>0.5 @i.e., h11/2,(12A1/2) andh13/2.A1/2# and assuming
\vmax@kT, the\vmax criterion

1

2a
lnF k11/2

r

b~&21!
G1

1

2
DE11/2,\vmax

,
1

2a
lnFk13/2

r ~&21!

b G1
1

2
DE13/2 ~6!

follows from Eq.~4!, wherek11/2
r andk13/2

r are the radiative
relaxation rate constants andDE11/2 and DE13/2 are the en-
ergy gaps for the4I 11/2 and 4I 13/2 excited-state multiplets
respectively. Using typical parameter values for Er31 in vari-
ous hosts~see Ref. 24 and Table II!, the criterion Eq.~6!
precludes use of the4I 11/2 excitation scheme for basically a
the low-phonon halide materials such as fluorides, chlorid
or bromides. Evidence for this is the long, radiatively dom
nated4I 11/2 lifetimes of 12.8, 11.0, and 3.75 ms observed
CsCdBr3,

28 Cs3Lu2Br9,
29 and YLiF4,

14 respectively. The lu-
minescence spectrum of ZBLAN:Er31, which shows a high
relative 4I 11/2 luminescence intensity~Fig. 3!, also confirms
the\vmax criterion Eq.~6!. Most oxide crystals and glasse
on the other hand, which span a range of\vmax from ap-
proximately 550 to 1400 cm21,24 are optimum in this re-
spect.

For silica-based glasses, Eq.~6! predicts the approximate
range 480,\vmax,1750 cm21 ~with \vmax actually being
around 1000– 1100 cm21! to provide a high4I 13/2 lumines-
cence quantum yield for4I 11/2 excitation. The effect of op-
tical phonons with energies above the 1750 cm21 upper limit
can be seen in the4I 13/2 luminescence quantum yield mea
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surements~Fig. 6!. The pronounced drop ofh with increas-
ing Er31 concentration in a series of OH2-rich SL glasses
(255615 ppm OH2) @Fig. 6~c!# is not observed in the low
OH2 ~,55 ppm OH2! glasses@Figs. 6~a! and 6~b!#, and it
indicates the presence of an additional nonradiative re
ation pathway. Energies around 3500 and 2900 cm21 are
measured for the highest-energy vibrational modes of O2

in these glasses~Fig. 8!, in agreement with earlier vibrationa
studies.16 Some of the Er31 ions will coordinate at these
OH2 impurity sites.30 Using Eq.~4! with the parameter val-
ues given in Table II,4I 13/2 multiphonon relaxation rate con
stants of;23106 s21 and ;63108 s21 are calculated for
these two vibrational energies, respectively, indicating t
4I 13/2 luminescence of OH2-coordinated Er31 ions will be
completely quenched by multiphonon relaxation. Althou
this process is only active for a minority of Er31 ions it
becomes important at higher Er31 concentrations. Above
;0.2 mol % Er2O3, energy migration of 4I 13/2 excitation
through the Er31 sublattice becomes efficient. As a resu
Er31-OH2 sites can be accessed and act as effective trap
4I 13/2 excitation, significantly lowering the overall lumines
cence quantum yield for this state@Fig. 6~c!#. The OH2 im-
purity concentration is therefore one of the essential par
eters in the preparation of Er31-doped glasses for 1.55-mm
POWA devices.

D. Two-ion energy-transfer processes

1. Upconversion in Er31-doped and Er31, Yb31-codoped glasses

At elevated Er31 concentrations two-ion energy-transf
processes such as energy migration and upconversion
come important and lead to additional nonradiative p
cesses. One of the results of two-ion processes is a dec
ing 4I 13/2 luminescence quantum yield with increasing Er31

concentration@see Figs. 6~a! and 6~b!#. A variety of upcon-
version mechanisms are known for Er31 systems. However
the dominance of multiphonon relaxation for most excit
states in the present silica-based glasses~Sec. IV C! provides
a considerable simplification of the excited-state dynam

FIG. 12. Schematic representation of upconversion proce
involving ~a! two Er31 ions in the4I 13/2 excited-state multiplet, and
~b! two Er31 ions in the4I 11/2 excited-state multiplet.~c! and~d! are
Yb31→Er31 energy-transfer processes. Dotted, wiggly, and so
arrows indicate energy-transfer, multiphonon, and radiative p
cesses, respectively.
x-

t
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-
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-
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For the following discussion of two-ion energy-transfer pr
cesses, we use the notation (ai ,bi)→(af ,bf) wherei and f
represent initial and final states of two neighboring ionsa
and b. As schematically shown in Fig. 12, two energ
transfer upconversion processes are most likely to occu
the Er31-doped silica glasses: (4I 13/2,4I 13/2)→(4I 15/2,4I 9/2)
~processA! and (4I 11/2,4I 11/2)→(4I 15/2,4F7/2) ~processB!.
An additional energy-transfer mechanism exists in E31

samples codoped with Yb31. The Yb31 ion, with its excited-
state multiplet2F5/2 having an energy comparable to4I 11/2
(Er31), can act as a sensitizer for Er31 and transfer its
energy to an unexcited Er31 ion through the
(4I 15/2,2F5/2)→(4I 11/2,2F7/2) energy transfer~processC!.
The observed strong increase in intensity of all Er31 lumi-
nescence transitions upon codotation with Yb31 reflects the
high efficiency of the Yb31→Er31 energy transfer at low
excitation densities. It is well established that this fi
Yb→Er energy transfer may be followed by a seco
energy-transfer step~process D! from Yb31 within the
Er31 4I 11/2 lifetime, leading to the population of the
4F7/2 (Er31) multiplet through the proces
(4I 11/2,2F5/2)→(4F7/2,2F7/2) and subsequent upconversio
luminescence.13

On the basis of excited-state lifetimes, relative efficienc
of the upconversion processesA, B, andC can be estimated
The long 4I 13/2 lifetimes, ranging from 7.5 to 14.7 ms in th
materials studied here, make (4I 13/2,4I 13/2)→(4I 15/2,4I 9/2)
upconversion~processA! a very likely process. The rela
tively small exothermic energy mismatch of;530 cm21 for
processA matches the energy of Si-O-Si delocalized vibr
tional modes (400– 700 cm21) ~Refs. 31–33! which may en-
able a phonon-assisted energy transfer. However, no d
evidence of processA can be seen in the luminescence sp
tra ~Fig. 3! since the4I 9/2 multiplet, which is populated by
this energy transfer, is efficiently quenched by multiphon
relaxation at all temperatures~Table II!. On the other hand
luminescence from4S3/2, which is populated by mul-
tiphonon relaxation from4F7/2, is evidence for the activity
of processB in the Er31-doped samples. The short 7.8-ms
lifetime of the 4I 11/2 initial state of this process in combina
tion with a high multiphonon relaxation rate constant fro
4S3/2 ~Table II! leads to a low intensity of upconversion lu
minescence. The considerably longer lifetime
2F5/2 (Yb31), 244 ms in SL:0.2 mol % Yb2O3, strongly en-
hances the probability of processesB and D in the
Er31, Yb31-codoped samples. However, on the basis of
present data, it is not possible to determine whether
strong intensity increase of upconversion luminescence u
Yb31 codotation is a result of processB, processD, or a
combination of both. Note that, in principle, the4S3/2 mul-
tiplet can also be reached by the interaction of three E31

ions in the 4I 13/2 multiplet, i.e., (4I 13/2,4I 13/2,4I 13/2)
→(4I 15/2,4I 15/2,4S3/2). In spite of the long4I 13/2 lifetime,
this energy transfer process is expected to be significa
less probable than processesB or D at low excitation densi-
ties because it requires three steps with one of them inv
ing the short-lived4I 9/2 ~see Table II! as an intermediate
state. In fact, the decay of the4I 13/2 excited-state multiplet
underhigh 4I 11/2 excitation densities was found to be co
sistent with processA and did not reveal any three-io
interactions.34
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2. Yb31 sensitization of Er31

The efficiency of Yb31 as a sensitizer for4I 13/2 (Er31)
luminescence depends on three factors: the rate of en
migration of 2F5/2 excitation among the Yb31 ions, the
Yb31→Er31 energy-transfer rate~as well as the backtransfe
rate!, and the rate of multiphonon relaxation from4I 11/2 to
4I 13/2 ~Sec. IV C!. Whereas the efficiencies of th
Yb31→Er31 energy transfer and the multiphonon relaxati
step are mainly determined by the energy-level structure
Yb31 and Er31 ions and the phonon structure of the host, t
efficiency of energy migration in the Yb31 sublattice is pri-
marily a function of the Yb31 ion density. The absolute4I 13/2

luminescence quantum yieldsh of a concentration series o
codoped samples provide quantitative guidelines for the
timization of Yb31 sensitization of Er31. The following dis-
cussion uses average ion separations calculated from th
spective ion densities. In contrast to high silica glasses
which there is a limited solubility for rare-earth ions and th
a significant probability for ion clustering at high dopa
levels, the solubility for rare-earth ions is much greater in
present SL and AS glasses, and the ion densities are
below the solubility limit. In fact, no evidence for Er31 ion
clustering in these glasses was found from time-resol
4I 13/2 upconversion studies, the respective4I 13/2 excited-
state population dynamics being in exact agreement wi
homogeneous two-ion upconversion process.34 Therefore, a
random distribution of RE31 ions is assumed. As shown i
Fig. 7, three Yb2O3 concentration regimes for fixed 0.
mol % Er2O3 (;231020 ions cm23) can be defined:~i! at
Yb2O3 concentrations below 0.3 mol % a significant fracti
of the total absorption occurs on Er31, which also absorbs a
this wavelength and exhibits a high quantum yield at
mol % Er2O3 @Figs. 6~a! and 6~b!#. The large Yb31-Yb31

average distance of.19 Å in this regime prevents efficien
migration of the fraction of excitation created on Yb31, and
therefore the2F5/2 excited-state population decays main
radiatively on Yb31 rather than through energy transfer
Er31. The sensitization by Yb31 is therefore inefficient in
this concentration regime, and the net result is a quan
yield which, due to the loss of the excitation created
Yb31, is ;25% lower than the intrinsic value for 0.4 mol %
Er2O3 ~Fig. 6!. In the intermediate regime~ii ! of Yb2O3 con-
centrations in the range 0.4–0.8 mol %, the Yb31-Yb31 av-
erage distance is 17–14 Å and energy migration is still in
ficient. Since the absorption coefficient of the2F7/2→2F5/2
(Yb31) transition is more than an order of magnitude high
than the absorption coefficient of the4I 15/2→4I 11/2 (Er31)
transition at the excitation wavelength~see Fig. 2!, a signifi-
cant fraction of the total absorption now occurs on Yb31. In
combination with the inefficient energy migration this lea
to a degradation of the4I 13/2 quantum yield which is almos
half the intrinsic value for 0.4 mol % Er2O3. For Yb2O3 con-
centrations.0.8 mol % in regime~iii !, the Yb31-Yb31 av-
erage distance is,14 Å, an ion separation for which reso
nant electric-multipole induced energy transfer typica
becomes efficient.35 Excitation created on Yb31 can there-
fore migrate through other Yb31 ions to unexcited Er31 ions,
which act as an efficient trap and subsequently emit fr
their 4I 13/2 state. Sensitization of Er31 by Yb31 is operative
in this regime, and the4I 13/2 quantum yield is restored to
gy
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high value. The total4I 13/2 emission rate from the sample
given by the product ofh times the total absorption rate. Th
best sample~h50.78, 2 mol % Yb2O3! shown in Fig. 7 ab-
sorbs about a factor of 80 stronger than a typical nonse
tized 0.4 mol % Er2O3 sample (h'0.8). We conclude that
at excitation densities low enough to avoid saturation of
4I 13/2 population, the4I 13/2 excited-state population densit
can be enhanced by almost two orders of magnitude
codotation of 1–2 mol % Yb2O3 of a 0.4 mol % Er2O3 glass
sample. This result is of importance to Er31-based 1.55-mm
optical amplifiers since the small-signal gain for this tran
tion depends exponentially on the population difference
the 4I 13/2 and 4I 15/2 multiplets.

3. Internal sample heating

As described above, near-infrared absorption~around 980
nm! in codoped samples is strongly enhanced by Yb31. A
particularly pronounced dependence of the relative upc
version luminescence intensities from the Er31 2H11/2 and
4S3/2 multiplets on the Yb31 concentration and thus on th
absorption coefficient at the excitation wavelength is o
served in the glasses~see Fig. 9!, indicating a significant
internal heating of the Yb31,Er31-codoped samples. The in
set in Fig. 10 also illustrates this direct correlation betwe
the near-infrared absorption coefficient and the2H11/2:4S3/2
upconversion intensity ratio. The two multiplets2H11/2 and
4S3/2 are separated by only several hundred wave numb
and population in these two states can be treated as a cl
system in thermal equilibrium.36,37 The luminescence inten
sity I of a subset of identical Er31 ions is given by both the
Boltzmann population of the individual crystal-field levels
4S3/2 and 2H11/2 and by the oscillator strengths of the radi
tive transitions to the4I 15/2 ground-state multiplet. The lumi
nescence intensity from crystal-field leveli can thus be writ-
ten as

I ~ i !}
gie

2DEi /kT

( jgje
2DEj /kT •

f i

( j f j
, ~7!

whereDEi is the energy of the crystal-field leveli relative to
the lowest4S3/2 crystal-field level,f i is the sum of oscillator
strengths from crystal-field leveli to all crystal-field levels of
the 4I 15/2 ground-state multiplet,T is the temperature,gi is
theMJ degeneracy of the crystal-field leveli ~assumed 2 for
Er31 in the low site symmetries in the glass host!, and j runs
from 0 to 7 for the total of eight crystal-field levels of4S3/2
and 2H11/2. The relative2

H11/2 :4S3/2 luminescence intensity
ratio is defined as

I ~2H11/2!

I ~4S3/2!
5

( j 52
7 I ~ j !

( j 50
1 I ~ j !

. ~8!

Equation~8! can be used to obtain the internal sample te
peratureTi from an experimental2H11/2:4S3/2 luminescence
intensity ratio. There are two complications in the applic
tion of this model to the present silica glasses:~i! not all Er31

ions are equivalent, i.e., the energy distribution of eachDEi
is widened by inhomogeneous broadening, and~ii ! the oscil-
lator strengths of the individual~radiative! crystal-field tran-
sitions to the4I 15/2 ground-state are unknown. As illustrate
by the inset in Fig. 2 and concluded in Sec. IV A, crysta
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field contributions dominate the spectral profile of the va
ous transitions of Er31 in SL and AS glasses and, moreove
the comparison with the oxide crystal Y2O3:Er31 revealed
the good correspondence of relative intensities. With the
sumption that an Er31-doped oxide crystal is adequate f
modeling the thermal population of4S3/2 and 2H11/2 in the
present oxide glasses, we can take advantage of the det
crystal-field analysis available for Er31-doped garnets. Gru
ber et al. used 117 crystal-field levels of the crystalline sy
tem Y3Al5O12:Er31 (YAG:Er31) to describe the energy
level structure~between 0 and 43 465 cm21 with a standard
deviation of 13.20 cm21! by a Hamiltonian including a vari-
ety of first- and second-order atomic and crystal-field int
actions.17 Note that by assuming the YAG:Er31 atomic and
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crystal-field parameters to be representative for all the
and AS glasses in this study, the treatment presented be
for example, cannot account for changes in the oscilla
strength of the hypersensitive4I 15/2↔2H11/2 transition in-
duced by small changes in the local Er31 coordination geom-
etry as the glass composition is varied. This problem, ho
ever, cannot be overcome unless the atomic and crystal-
parameters of each individual glass are known. Using
uSLJMJ& wave functions from Ref. 17 in combination wit
an electrostatic lattice sum calculation, which derives int
sity parameters from the crystallographic structure and
isotropic oxide ion polarizability,38 the relative oscillator
strengths f i defined in Eq. ~7! can be calculated for
YAG:Er31 giving
42
f i
4S3/2( i )→ 2H11/2( i )→

i 50 1 2 3 4 5 6 7

→4I 15/2(0 – 7) 0.034 0.032 0.157 0.146 0.129 0.155 0.203 0.1
S i f i 0.066 0.934
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The 4S3/2:2H11/2 total oscillator-strength ratio of 1:14.2 fo
transitions to4I 15/2 predicted from this YAG:Er31 calcula-
tion is in good agreement with the average ratios of 1:13~as
determined from the Judd-Ofelt calculations! and 1:18~as
determined from the measured absorption spectra!, which
supports the approach of using YAG:Er31 as a model system
for this calculation. TheTi vs I (2H11/2):I (

4S3/2) function ob-
tained from applying this result in Eqs.~7! and~8! was there-
fore used to convert the experimental upconversion lumin
cence intensity ratios to internal sample temperaturesTi .
This treatment improves over previous work37 which ne-
glected the crystal-field splitting of4S3/2 and 2H11/2 and only
considered a two-level system. Figure 10 shows the inte
sample temperatures obtained from the experimental up
version luminescence spectra as a function of the absorp
coefficient at the excitation wavelength,a(lex), for SL and
AS glasses with fixed 0.4 mol % Er2O3 concentration and
codoped with 0–4 mol % Yb2O3. Significant heating, of up
to 572 K ~299 °C! in some samples, is found for strong
absorbing glasses, i.e., for samples codoped with Yb31. The
almost linear dependence ofTi on a(lex) indicates an exci-
tation regime well below saturation for these experimen
Figure 11 shows that the4I 13/2 lifetime remains almost con
stant at elevated temperatures. Therefore, the pronou
heating does not significantly affect the4I 13/2 multiphonon
relaxation rate constant, a behavior which is expected fr
Eq. ~4! since thermal population of high-energy (\vmax
'1000– 1100 cm21) phonons is still negligible in the entir
range of internal sample temperatures reported in Fig. 10
a result, thermomechanical, rather than spectroscopic, p
erties are expected to become relevant in the design of t
film devices using strongly pumped Yb31-codoped glasses.

The sample heating is a result of multiphonon relaxat
on Er31 in the material. For Yb31, multiphonon relaxation is
completely suppressed due to the large2F5/22

2F7/2 energy
gap ~see Fig. 1!, and the2F5/2 excited-state multiplet eithe
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decays radiatively or by energy transfer to4I 11/2 (Er31).
Most of this 4I 11/2 population on Er31 efficiently decays to
4I 13/2 releasing 36% of the4I 11/2 energy as phonons into th
host lattice~Sec. IV C!, with the respective phonon emissio
rate being a linear function of the absorbed power for l
excitation densities. By treating the resulting increase of
internal sample temperature on the basis of the o
dimensional heat equation

T~r !5T~0!1
Pdiss

4pr 0
2lK

~r 0
22r 2!, ~9!

whereT(r ) is the temperature at a given radius, andPdiss is
the dissipated phonon power in the cylinder of volumepr 0

2l ,
an average thermal conductivity,K, can be estimated for the
glasses shown in Fig. 10. Assuming the internal temperat
Ti calculated above to represent the maximum temperat
in the focal region, and assuming the spatial intensity dis
bution of the laser to be transversally uniform over a rad
r 0 , it follows from Eq. ~9! that

Ti5T01
qP~lex!

4
•

r 0
2

K
•S 12e2a~lex!l

l D , ~10!

where q is the fraction of the4I 11/2 energy dissipated a
phonons, T0 is the external reference temperature, a
P(lex) and a(lex) are the excitation intensity and the a
sorption coefficient at wavelengthlex, respectively. Figure
10 shows a fit of Eq.~10! to the internal sample temperature
calculated above usingq50.36, P(lex)551 kW/cm2, and
both r 0

2/K andl as parameters. The value ofr 0 is not exactly
known in our experiment. However, with the focal regio
1.0–1.5 mm behind the sample front surface for all measu
ments shown in Fig. 10 andr 0

2/K52.931025 m3 K W21

from the fit @Eq. ~10!#, the thermal conductivity is estimate
to be between 3.531022 and 7.731022 W m21 K21, in
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good agreement with the known value for soda-lime-silic
glass of 4.831022 W m21 K21.39

V. CONCLUSIONS

From a spectroscopic study of an extensive series
Er31-doped and Yb31,Er31-codoped soda-lime-silicate~SL!
and aluminosilicate~AS! glasses it is found that multiphono
relaxation from the4I 13/2 (Er31) excited state is absent in
both glass types, and that AS glasses, relative to SL glas
generally exhibit higher oscillator strengths and larger inh
mogeneous broadening of the 4f transitions as well as a
smaller overall crystal-field splitting of the2S11LJ multi-
plets. The Er31-doped AS glasses studied here therefore
only show a favorable smoothing of the Er31 4I 13/2→4I 15/2
gain profile at 1.55mm but also a pronounced increase of t
respective radiative relaxation rate constant and hence po
tial gain in an optical amplifier device. Although the Jud
Ofelt model is able to provide a phenomenological descr
tion of the 4f transition intensities on a quantitative basis
was not successful in reproducing the overall trend in
covalency of the Er31-oxygen bond expected from structur
considerations. Substantiating structural and spectrosc
evidence is required to fully understand the observed tre
in the V (l) intensity parameters. From absolute4I 13/2 lumi-
nescence quantum yield measurements it is further c
cluded that a minimum of;0.8 mol % Yb2O3 codotation is
required in 0.4 mol % Er2O3 samples to achieve a suffi
te
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ciently large diffusion length for the2F5/2 excitation and
thus efficient sensitization of Er31 by Yb31. In this regime,
the absolute increase in4I 13/2 excited-state population is sig
nificant. The role of OH2 as a quenching site for4I 13/2 ex-
citation becomes relevant at Er2O3 concentrations.0.2 mol
%. Strong internal sample heating is a result of the h
absorption rates in Yb31-codoped samples and it is show
not to affect the4I 13/2 decay.

The study suggests that, from a spectroscopic point
view, aluminosilicate glasses are more favorable than so
lime-silicates as potential materials for 1.55mm optical am-
plifiers both due to their larger inhomogeneous broaden
and due to their higher radiative relaxation rate constants
is also concluded that Yb31 is an efficient sensitizer and ca
potentially reduce Er31 concentrations in a planar optica
waveguide amplifier~POWA! material. The possibility for
significant internal sample heating in Yb31-codoped samples
has to be addressed in the design of a POWA device in o
to avoid degradation of the performance of the waveguide
thermomechanical stress.

ACKNOWLEDGMENTS

We thank William H. Grodkiewicz, formerly of AT&T
Bell Laboratories, for assistance with glass sample prep
tion, and John R. Quagliano, Los Alamos National Labo
tory, for assistance with YAG:Er31 oscillator-strength calcu-
lations.
.

.

.

*Present address: Optical Sciences, The University of Michiga
1301 Beal Ave., Ann Arbor, MI 48109-2122.

†Present address: Deacon Research, 2440 Embarcadero Way,
Alto, CA 94303-3313.
1P. Cochrane, R. Heckingbottom, and D. Heatley, Opt. Photoni

News8, 15 ~1994!.
2E. Desurvire,Erbium-Doped Fiber Amplifiers~Wiley, New York,

1994!.
3O. Lumholt, T. Rasmussen, and A. Bjarklev, Electron. Lett.29,

495 ~1993!.
4M. Federighi, I. Massarek, and P. F. Trwoga, IEEE Photonic

Technol. Lett.5, 227 ~1993!.
5E. Snoeks, G. N. van den Hoven, and A. Polman, J. Appl. Phy

73, 8179~1993!.
6R. S. Quimby, W. J. Miniscalco, and B. Thompson, J. Appl. Phy

76, 4472~1994!.
7H. K. Kim, C. C. Li, X. M. Fang, Y. Li, D. W. Langer, and J.

Solomon, J. Lumin.60&61, 220 ~1994!.
8M. Federighi and F. Di Pasquale, IEEE Photonics Technol. Le

7, 303 ~1995!.
9F. Di Pasquale and M. Federighi, J. Lightwave Technol.13, 1858

~1995!.
10T. Kitagawa, K. Hattori, K. Shuto, M. Yasu, M. Kobayashi, and

M. Horiguchi, Electron. Lett.28, 1818~1992!.
11K. Hattori, T. Kitagawa, M. Oguma, M. Wada, J. Temmyo, and

M. Horiguchi, Electron. Lett.29, 357 ~1993!.
12G. Nykolak, M. Haner, P. C. Becker, J. Shmulovich, and Y. H

Wong, IEEE Photonics Technol. Lett.5, 1185~1993!.
13F. E. Auzel, Proc. IEEE61, 758 ~1973!.
14M. P. Hehlen, J. Opt. Soc. Am. B14, 1312~1997!.
15J. A. Caird, A. J. Ramponi, and P. R. Staver, J. Opt. Soc. Am.

7, 1391~1991!.
n,

Palo

cs

s

s.

s.

tt.

.

B

16V. H. Scholtze, Glastechn. Ber.32, 81 ~1959!.
17J. B. Gruber, J. R. Quagliano, M. F. Reid, F. S. Richardson, M. E

Hills, M. D. Seltzer, S. B. Stevens, C. A. Morrison, and T. H.
Allik, Phys. Rev. B48, 15 561~1993!.

18B. R. Judd, Phys. Rev.127, 750 ~1962!.
19G. S. Ofelt, J. Chem. Phys.37, 511 ~1962!.
20B. R. Judd, Operator Techniques in Atomic Spectroscopy

~McGraw-Hill, New York, 1963!.
21C. K. Jo”rgensen and R. Reisfeld, J. Less-Common Met.93, 107

~1983!.
22D. M. Gruen, C. W. DeKock, and R. L. McBeth, Adv. Chem. Ser.

71, 102 ~1967!.
23S. F. Mason, Struct. Bonding~Berlin!, 39, 43 ~1980!.
24J. M. F. van Dijk and M. F. H. Schuurmans, J. Chem. Phys.78,

5317 ~1983!.
25T. Miyakawa and D. L. Dexter, Phys. Rev. B1, 2961~1970!.
26R. Orbach, inOptical Properties of Ions in Solids, edited by B. Di

Bartolo ~Plenum, New York, 1975!, p. 355.
27E. I. Kamitsos, J. A. Kapoutsis, H. Jain, and C. H. Hsieh, J

Non-Cryst. Solids171, 31 ~1994!.
28N. J. Cockroft, G. D. Jones, and D. C. Nguyen, Phys. Rev. B45,

5187 ~1992!.
29M. P. Hehlen, G. Frei, and H. U. Gu¨del, Phys. Rev. B50, 16 264

~1994!.
30A. J. Bruce, W. A. Reed, A. E. Neeves, L. R. Copeland, W. H

Grodkiewicz, and A. Lidgard, inOptical Waveguide Materials,
edited by M. M. Broeret al., MRS Symposia Proceedings No.
244 ~Materials Research Society, Pittsburgh, 1992!, p. 157.

31S. A. Brawer and W. B. White, J. Chem. Phys.63, 2421~1975!.
32T. Furukawa and W. B. White, J. Non-Cryst. Solids38&39, 87

~1980!.



G.

B

B.

,

9318 56HEHLEN, COCKROFT, GOSNELL, AND BRUCE
33T. Furukawa, K. E. Fox, and W. B. White, J. Chem. Phys.75,
3226 ~1981!.

34M. P. Hehlen, N. J. Cockroft, T. R. Gosnell, A. J. Bruce,
Nykolak, and J. Shmulovich, Opt. Lett.22, 772 ~1997!.

35R. K. Watts and H. J. Richter, Phys. Rev. B6, 1584~1972!.
36P. A. Krug, M. G. Sceats, G. R. Atkins, S. C. Guy, and S.
 .

Poole, Opt. Lett.16, 1976~1991!.
37E. Maurice, G. Monnom, B. Dussardier, A. Saissy, and D.

Ostrowsky, Opt. Lett.19, 990 ~1994!.
38M. F. Reid and F. S. Richardson, J. Chem. Phys.79, 5735~1983!.
39Handbook of Chemistry and Physics~CRC Press, Boca Raton

1996!.


