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Experimental evidence of spectroscopic parameter control was observed in Nd>* ions embedded in a
Si0,-Na,0-Al,05-B,05 glass system. The parameters 2,46 and others were determined by the Judd-
Ofelt theory. It was found that these parameters were strongly dependent on Nd®* concentration, indicat-
ing a ligand field change. This Letter will present and discuss possible mechanisms responsible for

changes in the Judd-Ofelt parameters. Furthermore, non-radiative energy transfer mechanisms such as
energy migration, cross relaxation and losses from networked phonons and OH™ radicals, will be pro-
posed to explain the observed decrease in *Fsj, — “I;1) transition lifetime of Nd**.

© 2011 Elsevier B.V. Open access under the Elsevier OA license.

1. Introduction

Glass systems doped with rare-earth (RE) ions have attracted
great research interest because of their applications in optical sys-
tems [1-3]. In particular, Nd3* ions in certain hosts, depending on
their spectroscopic properties, are highly efficient for photonic de-
vice applications like laser active media [4], optical amplifiers [5],
microchips [6] and planar waveguides [3,7-9].

Among the possible glass compositions, SNAB glass has been
proposed as a host for quantum dots and rare earth ions, for optical
applications. SNAB glasses result from the combination of net-
work-forming oxides SiO, and B,0s; together with the network
modifier oxide NaO and intermediate oxide, Al;0s. SiO; is trans-
parent in the optical window, B,03 increases the glass transpar-
ence. Na,O reduces the melting point and facilitates the
homogenization of the glass system, reducing defects and bubbles.
Al,03 is added to increase the chemical resistance and mechanical
properties. Previous works reported in the literature have demon-
strated that SNAB glassy host favors the growing and control of the
magneto-optic properties of semiconductor (CdS [10], CdSSe [10],
CdSe [10], PbS [11], PbSe [12,13]) and semi-magnetic (CdMnS
[14], PbMnS [15], PbMnSe [16]) quantum dots. Besides, SNAB glass
is currently been investigated for co-doping with semiconductor
quantum dots and rare earth ions. [17] Potential applications are
related to optical devices such as lasers, optical amplifier in the
optical window, host of detectors in the visible range (quantum
dots of CdS, CdSe, CdSSe) and near infrared (PbS, PbSe), as well
as semimagnetic quantum dots that are of interest in sprintronics
and quantum computation.
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The Judd-Ofelt theory has been of fundamental importance in
the quantitative analysis of the spectroscopic properties of RE ions
[18-22]. This theory allows Judd-Ofelt parameters Q; (1=2,4,6)
to be determined which in turn can be used to estimate optical
parameters like spontaneous emission probability, branching
ratio, emission cross-section, radiative lifetime, quantum efficiency
and effective linewidth. These parameters can be used to pre-
determine if an RE ion host material is favorable for optical device
applications.The main objective of this research was to control the
spectroscopic parameters of fluorescence of Nd** ions embedded in
a Si0,-Na,0-Al,05-B,03 glass system as a function of Nd** con-
centration. The SiO,-Na,0-Al,03-B,05 glass system was chosen
as host because it is transparent in the electromagnetic spectrum
range from ultraviolet (UV) to near infrared (NIR) where the main
permitted electronic transitions of Nd* ion absorption and emis-
sion occur [14,18,23,24]. Electric and magnetic dipole transitions
are permitted due to the wave function mix of the parity states op-
posed to the 4fN configuration of rare earth ions. According to the
Judd-Ofelt Theory, electric dipole oscillator strength, between ini-
tial |f"[oSLY/) and final states |[f"[’S'L'])'), can be expressed as
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where m is electron mass, ¢ the speed of light, E the transition wave
or energy number, h Planck’s constant, J the angular moment of the
initial state |[f*[aSL])), y = (n? +2)?/9n the central field correction
factor, n the refraction index at the wave number & Q, the
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represents the reduced matrix elements of the tensor operator U*
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In this case, quadrupole oscillator strength is negligible [25].The
Judd-Ofelt intensity parameters, Q; (4= 2,4, 6) can be obtained
from experimental oscillator strength given by

mc
mezN

f(2) = o(A)di (2)
where N is the RE ion concentration per unit volume (ions/cm?) and
a(4) the absorption coefficient of wavelength . According to the
Judd-Ofelt Theory selection rule, experimental oscillator strength
(fe*P) can be expressed as f = ff0 + fMD when there are magnetic
dipole transitions (fMP).

Radiative transition rates (A) can be obtained by the expression
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The emission branching ratio for transitions originating from
initial manifold can be obtained from the radiative transition prob-
abilities A(J,J') using the following equation [26]:

A(*F32 = *y)

4 Ay AN )
BB = ") =S4y (4)
b

where the summation includes each J' (J'=9/2,11/2,13/2 and 15/2).

To compare theoretical data obtained from Eq. (4) with experi-
mental data, the ratio of the integral of an emission band, [I(1)d4,
to the sum of the integrals of all emission bands, - [I(2)d/ is cal-
culated. This results in the experimental emission branching ratio
and is represented by

JI(2)da
S [I(2)da”
The spontaneous emission cross-section between 4F3,2 - 4lJ/,

where the fluorescence lifetime (1) was measured, is represented
by [26,27]

ﬁexp = (5)
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where /, is the peak emission wavelength, c the speed of light in a
vacuum, n the refractive index at each emission peak wavelength
and A/.s the effective linewidth. This is used instead of the full-
width at half-maximum linewidth because the emission band is
asymmetric. It is characterized in the name of an effective linewidth
as below [26,27]
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where I,.x iS the maximum intensity at fluorescence emission
peaks.

2. Experimental details

Two sets of SNAB matrices with nominal composition
40Si0,-30Na,0-1Al,03. 29B,05 (mol%) were synthesized by the fu-
sion method. These were un-doped and doped with Nd3* ions,
resulting in templates labeled SNAB and SNAB + XNd,05; (wt.%),
respectively. Powder was melted at 1300 °C for 15 min in a carbon
rich atmosphere using porcelain crucibles in which the melt was
subjected to rapid cooling. The optical absorption spectra (OA)
were obtained using a SHIMADZU UV-3600 spectrophotometer,
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) spectra where the samples were excited by a He-Cd laser,
Jexc= 325 nm, and collected by a photomultiplier that detects pho-
tons from 350 to 900 nm. All measurements were taken at room
temperature.

3. Results and discussion

Figure 1 shows the optical absorption spectra of the SNAB glass
matrix both un-doped and doped with 5Nd,05 (wt.%) and the fluo-
rescence spectrum of the Nd*' jons embedded in a glassy host
doped with 5Nd,05 (wt.%). Based on the literature [23], it was pos-
sible to identify the OA bands and from them obtain the energy le-
vel values of the Nd** ions embedded in the SNAB glassy host. It
was observed that the optical gap of the SNAB glass matrix was rel-
atively large which enabled observation of the allowed electron
transitions of the higher energy Nd** ions (e.g. *lo» — *Dsy) corre-
sponding to a band centered at about 350 nm (28571 cm™!).

Figure 2 shows the behavior of the Q,, Q4, Q¢ JO parameters
and Q;' as a function of the concentration of Nd** ions embedded
in the SNAB glass. It is important to note that even though the use
of Judd-Ofelt theory is usually restricted to the calculation of Q; 46
parameters when the Rare Earth concentration is low (which
means that such concentration would not interfere in the glass
structure), it can be used when concentrations of Rare Earth ions
may have influence in the glass itself [28-31].

It was observed that €, increased from 0.8 to 1.7 x 1072° cm
as a function of Nd,03 concentration up to X = 3.0. Above this va-
lue, the 2, parameter is constant. The behavior of the £ parame-
ter is similar to that of £, while £, remains practically constant
throughout the concentration range. In all cases, the following rela-
tionship was observed Q4 > 2, > Q.

According to the literature, Q, is usually related to the depen-
dence of the covalency between RE>* jons and ligand anions and
the asymmetry of the local environment around the site of RE3*,
Thus, the lower the value of Q, is, the more centrosymmetric the
ion site is and the more ionic the ligand chemical bonds are
[21,24,32-37]. Another interpretation for the behavior of €2, could
come from structural changes in the glass due to the moderately
high RE concentrations. According to the Judd-Ofelt theory, these
phenomenological parameters are given by [18,19]:

Q= (2t +1) Y JAplEGs. D25+ 1) (8)
p.s

2

where the two main contributions to the Q(t) parameters arise from
the Asp and = terms. The A, term is associated with the Crystal
Field parameters of rank s with the pth component being related
to structural changes in the vicinity of the rare earth ions; it is ex-
pressed by the following relation [18,19]
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Figure 1. Optical absorption spectra of the SNAB glass matrix un-doped and doped
with 5 Nd,05; (wt.%) and the fluorescence spectra of Nd>* ions embedded in the
SNAB glass matrix doped with 5 Nd,05 (wt.%).
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Figure 2. Behavior of 2,46, Judd-Ofelt parameters and 1/Q in function of the
Nd,03 concentration in the SNAB glass matrix.

Table 1

Judd-Ofelt parameters (£2;, x 1072° cm?) of Nd>* ions in different hosts.
Host Q, Q4 Qs Reference
CANB glass 4.40 5.20 2.70 [41]
CANS glass 3.70 5.00 2.90 [41]
ED-2 3.30 4.68 5.18 [41]
LSCA 334 442 2.02 [41]

Acp = (-17lls = )1/ (s + DI Y2, oy P coS(,) exp(-ipd)

9)

parameters g, are the ligand charges located at the position (1, @,
0,) in spherical coordinates with respect to the position of RE ions.
According to this expression, the radial distribution of the rare earth
inside the site is dominant to the lower s parameter.

In this study, €2, increased as a function of Nd,03 concentration
in the SNAB glass matrix. In this way the behavior of 2, may be re-
lated to Nd>* cluster formation or assuming that breaks in Nd>* ion
bonds resulted in diminished covalency.

The literature [38,39] shows that 1/ is proportional to the
ionicity of the ion in the ligand field. In other words, the greater
1/Qg is, the more ionic and fewer covalent bonds the ion will have
in the sample. Figure 2 shows that 1/ behavior is dependent on
Nd,03 concentration in the SNAB glass matrix. It was observed that
1/Qs decreases with increases in concentration. In other words,
Nd3* ionicity decreases in the ligand field with Nd,05; concentra-
tion in the glassy host. However, an increase in concentration mod-
ifies the crystal field potential by breaking symmetry around and
increasing covalency of an ion.

Table 1 shows the JO (2; x 1072° cm?) parameters of Nd>* ions
in different hosts. A comparison of the calculations obtained from
the JO parameters with those from the table shows that the Nd**
ions in the SNAB glass matrix, with a low concentration of Nd,053,
are the more symmetric and less covalent.

The literature [40] also shows that Qg is proportional to host
rigidity. In this study, the SNAB matrix embedded with Nd3* ions
was less rigid than the samples in Table 1.

Interestingly, most glass types that have been studied (including
bismuth borate, calcium aluminum silicate, sodium lead borate,
potassium borate, sodium potassium mixed alkali phosphate
[30] and oxyfluoride glass ceramics [31]) demonstrate decreases
in ©Q, and Qg parameters with increases in Nd>* concentration.
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Figure 3. Branching ratio (feo), obtained by Judd-Ofelt calculations and experi-
mental branching ratio (fexp), obtained from fluorescence measurements as a
function of increasing concentrations of Nd,03; embedded in a SNAB glass matrix.

Consequently, these glasses have reduced spontaneous emission
rates and increased lifetimes for transitions starting from the
“F3), level. Reference [28] reports a variation of the Judd-Ofelt
parameters in a borosilicate glass with composition similar to
the present SNAB glass, where similar trends were observed:
Q, changed from 6.26 to 4.14 x 1072° cm?, Q4 was from 2.39
to 3.25 x 1072° cm? and Q¢ from 2.49 to 3.07 x 1072° cm?, when
the concentration of the Rare Earth ion (Tb**) was from 5 to
20 wt.%.

Figure 3 shows the dependence of the branching ratio (o), Ob-
tained from Eq. (4) for the *Fs;; — “I; transitions and the experi-
mental branching ratio (fexp) of the PL spectra determined by Eq.
(5), on the concentration of Nd,03 embedded in the SNAB glass
matrix. From this, it can be seen that the theoretical and experi-
mental behavior of the branching ratios are in strong agreement
which suggests that the Judd-Ofelt calculations are valid.

Figure 4 shows the dependence of fluorescence lifetime (Texp)
and radiative lifetime (t,.q) of the Nd>* ion 4F3,2 states, on increas-
ing concentrations of Nd,0s. There is a significant decrease in t
as Nd,Os3 concentrations increase. To analyze this dependence,
Stokowski [41,42] determined a relationship between experimen-
tal lifetime and the concentration of RE>* ions represented by the
following expression

To

T "

Texp =

where 7y is the lifetime for a diluted system, (N) the concentration
of RE ions, and Q the quenching concentration. Q is defined as the
concentration at which lifetime is reduced by half. For Nd>* doped
glasses, n equals 2 when quenching fluorescence is dominated by
cross-relaxation processes. The higher the Q value, the lower the
fluorescence of quenching thus resulting in an efficient optical sys-
tem (e.g. CASM glass [41] with Q=5.25 x 10?®ions/cm?). In this
study, Q=6.08 Nd,0; (wt%) (or 5.09 x 10%°ions/cm?®) and
n=1.09 were obtained. This means that the SiO,-Na,0-Al,03-
B,03 glass system is of similar quality to CASM glass and its de-
crease in lifetime is not dominated by the cross-relaxation
phenomenon.

For comparison, the inset of Figure 4 shows the radiative life-
time (7,q) obtained using the JO Theory. Since this theory assumes
that all transitions involved in the calculations are radiative, it can
be concluded that the 4F3/2 - 419/2, 4F3/2 - 4[1]/2, 4F3/2 - 4113/2 tran-
sitions demonstrate increases in spontaneous emission as Nd>*
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Figure 4. Dependence of the “F3/2 Nd>* state fluorescence lifetime (Texp) and
radiative lifetime (7,.q) (inset) obtained using the Judd-Ofelt Theory as a function of
increasing concentrations of Nd,0s.

concentration increases. This increase is attributed to a change in
the chemical environment around the Nd®* ions which results in
a lifetime reduction of the 4F3,2 state. A comparison between the
radiative lifetimes obtained by Judd-Ofelt and fluorescence also
indicates that the quantum efficiency (defined as the Texp/Trad Ia-
tio) is 25% regardless of Nd>* concentration. Thus, several factors
may be directly responsible for the decrease in the “Fs, lifetime
of the Nd>* ions when inserted in the SNAB glass matrix such as:
(a) relatively high Nd3* ion concentration causing cross-relaxation
(b) hydroxyl presence in the SNAB glassy host of neodymium ions,
causing energy transfer between Nd>* and OH™) high energy pho-
nons of the SNAB glass absorbing part of radiative transitions.

According to the Stokowski model [41,42], the lifetime reduc-
tion mechanism, as a function of Nd,O3 concentration, is not dom-
inated by the cross-relaxation process. However, the other
processes are also confirmed by several researchers [43-48]. They
explain the differences in results with two arguments: first, be-
cause OH™ radicals are present in the compositions and are consid-
ered one of the most important sources of ‘quenching’ [43-48] and
second because of the high phonon energy of the host matrix [43-
45]. However, in the low Nd concentration limit, the main mecha-
nisms responsible for the low quantum efficiency should be related
with multiphonon decay and OH™ quenching.

Infrared absorption and Raman scattering measurements were
performed to further investigate these hypotheses. Figure 5a shows
the far infrared spectra of SNAB glass doped with different concen-
trations of Nd,0s. From this, there appears to be strong absorption
at about 2790 nm (3584 cm~!) which is characteristic of OH™ radi-
cals [49]. In addition, it can be seen that the concentration of these
radicals is almost independent of Nd,O3 concentration.

OH™ presence in the SNAB glass matrix can result in an energy
transfer caused by non-radiative electronic transitions of Nd** ions
resulting in a reduction in fluorescence lifetime of the 4F3,2 state as
shown in Figure 4. This energy transfer mechanism can be ex-
plained by assuming that the *F3; — “loj> and *Fsjz — “I;3) transi-
tions of Nd3* ions may occur through non-radiative relaxations
associated with the excitation of three and two OH™ phonons,
respectively. Energy migration followed by quenching in OH™ re-
sults in lifetime reduction as shown in the inset of Figure 5a.

For comparison, Figure 5 shows the Raman spectra of SNAB
glass undoped and doped with 2Nd,03; (wt.%). The Raman spec-
trum of powder Nd,O0s is also shown. The SNAB glass spectra show

a ™ Energy (cm™)
545 4167 3846 3571 3333 3125
—T N T T T T T T T T T T
@ ESNAB + X NdyO3 (wi%) * e o
C J—
5 08 _—82 o
5 I - ‘
LU/ 0.6 ‘:;g Nd* oW A Nd*  OH
o | —25
S 04l—s
© Il
g Sy
—5.0
8 0.2 F
<
OO L 1 1 L 1 L 1 L
2200 2400 2600 2800 3000 3200
Wavelength (nm)
b

1060 ) =514.5nm
300K
1473

SNAB 495 .o
634

755

1644

SNAB+2Nd,0, (Wt%)

Raman Intensity (arb.units)

750 1000 1250 1500 1750
Raman Shift (cm™)

250 500

Figure 5. (a) Infrared absorption spectra of SNAB glass doped with different
concentrations of Nd,0s in the range 2200-3200 nm (4545-3125 cm™'). The inset
displays non-radiative energy transfer processes “Fs;» — “loj» and *F32 — %32 of
Nd3* ions for vibrational modes of OH™ radicals. (b) Raman spectra: SNAB,
SNAB + 2Nd,05 (wt.%) and Nd,Os.

vibration modes with maximum energy at about 1060 cm™!. The
Nd,03 Raman spectra indicate that the energy difference between
the Nd3* interest levels also coincides with SNAB glass phonon
energy.

In Figure 5b it can be seen that the maximum phonon energy for
the SNAB glass matrix is 1060 cm~'. While the energy differences
for the 4F3/2 — 419/2 (1 1338 cm™! (882 nm)), 4F3/2 — 4111/2
(9434 cm™' (1060 nm)) and “Fzj5 — *I1312 (7519 cm™! (1330 nm))
transitions are 11, 9 and 7 phonons, respectively (Figure 1). Thus,
the *F3j, — *loj> (11338 cm™" (882 nm)), “Fs; — *l11j2 (9434 cm™
(1060 nm)) and “Fsj; — *liz;2 (7519 cm™! (1330 nm)) transitions
can facilitate multi-phonon energy transfer to the Nd>* ion SNAB
glass host.

It is well known the multiphonon relaxation rate is given by
[50]

Wwp(T) = C, exp[—oAE)(1 — exp(hw/kT] P (11)

where C, and o are nonradiative parameters which depend on the
host material, AE represents the energy gap between two succes-
sive levels, and p = AEhw is the number of phonons emitted in the
relaxation process. The multiphonon emission process from the
“F3, level to the “I;q); level AE = 9434 cm™! requires multiple pho-
non emissions of about 9 phonons because the maximum phonon
energy in SNAB glass is 1060 cm . In this way, the multiphonon
relaxation rate for the “Fs; level is expected to be very small. The
shorter experimental lifetime for the all the samples would mainly
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be due to excited energy migration among the Nd>* ions, followed
by energy transfer to unintentionally introduced impurities and/or
defects near to Nd>* ions.

Considering the non radiative processes from the 4F3/2 Nd3* le-
vel, namely resonant energy migration processes between Nd>*
ions (cross relaxation), it can be seen that resonance only occurs
for the *Fs)z, “F3j2 — *Gyj2 + *Ki3j2, 1132 Nd-Nd interactions. In this
case, energy migrates to a neighboring Nd ion and it is excited in
the “Fs; state which favors the *F3j, — Gy, + %Ky 3/, transition per-
mitted by the (0] Theory. The other 4F3/2, 4F3/2 — 4G9/2 + 2K1 502, 4111/2
and “Fsp, *F32 — P12, “lojz cross relaxations are not resonant pro-
cesses. This can explain the fact that cross relaxation is not a dom-
inant process (since an exponent of about n=1 was obtained for
the fit of Eq. (10)).

Figure 6 shows the dependence of emission cross section, ob-
tained from Eq. (6) on the transition of Nd** ions embedded in
the SiO,-Na,0-Al,05-B,03 glass system from the 4F3,2 state to
the *lo2, “li1j2 and *Iy3; states, as a function of increasing Nd,03
concentration. It can be seen that the 4F3/2 - 1/2 transition cross
section increases with Nd,O3 concentration. The 4F3,2 — 419/2 tran-
sition cross section decreases and 4F3/2 - 4113/2 tends to increase
starting at concentrations of 1.5 Nd,O3 (wt.%).

4. Conclusions

In conclusion, Nd3* ions embedded in a Si0,-Na,0-Al,05-B,04
glass system were synthesized by the fusion method. Their optical
properties were studied by optical absorption, photoluminescence,
Raman and lifetime measurements. Judd-Ofelt parameters, radia-
tive rates, lifetime, branching ratios and emission cross section
were calculated. In this study, the SiO,-Na,0-Al,05-B,03 glass
system with increasing concentrations of Nd,Os; produced JO
parameters that were dependent on Nd,03; concentration (wt.%).

It was found that these parameters predict emission cross-sec-
tion increases around 1060 nm and 1330 nm. A reduction in exper-
imental lifetime of the *F3, — %11, transition with increasing Nd**
concentration was also observed. This was attributed to energy
migration, cross relaxation and phonon losses from the network
and OH™ radicals.

It was also concluded that both cross relaxation and vibrational
modes (glass network and OH ™) contribute to lifetime decreases of
the “F3); Nd** level.

The possibility of controlling radiative system parameters, (e.g.
the cross section of stimulated emissions at 1060 and 1330 nm

transitions, Nd** ions embedded in the Si0,-Na,0-Al,053-B,05
glass system) is attractive for near infrared photonic device
applications.
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