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ABSTRACT
Herewedisclosed the substantial effect of the localmedium in the vicin-
ity of the excited Nd3+ions on the optical properties and the laser char-
acteristics of glasses. The UV-Vis absorption of the laser BaO/SrO–P2O5–
Al2O3–K2O–B2O3–La2O3 glasses doped with Nd3+ ions is measured at
25 °C. Judd-Ofelt (JO) theoretical analysis of 4f electron transitions in the
Nd3+ absorption spectra was performed. From the JO intensity parame-
ters, a set of the laser 4F3/2→4I11/2 transitions characteristics are foundand
stimulated emission cross-sections are characterized. The effect of dif-
ferent Ba/Sr ratio on the structure-properties relationships in the glasses
is shown.

1. Introduction

This study relates to low-cost fiber lasers that operated at the high power single-mode setting
and formed from the rare earth (RE) glass. In the infrared optical amplification, much atten-
tion is given to the laser glasses doped with Nd3+. Their potential application is related to the
radiative efficiency of the 4F3/2→4I11/2 emission found at around 1.06 μm [1]. For the minia-
ture solid-state lasers, one requires a glassy medium with a high concentration of activator
ions, up to 13 mass%. It is not a surprise that the optical properties and the laser characteris-
tics observed forNd3+ depends on the used glass, its composition, andmicrostructure. On the
other hand, one can apply amixture of RE3+ andNd3+ instead of the single Nd3+ activator [2]
to reduce the optical density improving optical measurements. The doped phosphate glasses,
e.g. containing isomorphic La3+ and Nd3+ combinations in which lanthanum is a diluting
agent, are ideal for such purpose.

It is well known that the spectroscopic parameters of the trivalent RE ions depend remark-
ably on the chemical composition of the glass matrix. The composition determines the struc-
ture and the nature of the bonds [3, 4]. The laser glasseswithin the alumina-borate-phosphates
(ABP) family prove the high optical homogeneity and isotropy. A lot of them show the laser
excitation with up to 100% efficiency and the high luminescence quantum yield [5]. Totally,
the representatives of ABP glasses combine reasonable transparency and the highest peak out-
put power [6]. Their valuable properties might be optimized that holds promise to reduce the
luminescence decay time without the losses in the laser power.
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Earlier, in [7], we reported on the f–f transitions in Nd3+ ions that doped BaO/SrO–
P2O5–Al2O3–K2O–B2O3–La2O3 glasses. Using the Judd-Ofelt (JO) theory [8], we can esti-
mate the probability of f–f transitions and the branching ratios basing on an analysis of optical
absorption spectra [9, 10]. The theoretical assessment could be done for strong bands which
peaks positioned at ca. 805, 744, 684, 583, 525, 428, and 355 nm. Changes in the compo-
sition of the glassy media have often drastically effected on the environment of Nd3+ [11].
So, the electronic transitions within the 4f shell could be sensitive to them. Surprisingly,
the changes may correlate with the variations in the rigidity of medium estimated against
the glass composition, e.g. with Ba/Sr ratio. All the above led us to undertake a new esti-
mation of the laser glasses parameters on the basis of JO theory and Sakka-Dimitrov (SD)
approach [12].

2. Experimental

2.1. Glass preparation

The prototype glass having a composition of mass% (58.0) P2O5, (12.0) BaO, (13.0) K2O,
(2.0) SiO2, (8.0) Al2O3, (4.0) B2O3, (0.5) Nd2O3, (2.5) La2O3 was selected for this study.
The components for the glassmaking were reagent grade Ba(NO3)2, Sr(NO3)2, (NH4)2HPO4,
KH2PO4, SiO2, La2O3, and Nd2O3. These reagents were additional purified from coloring
impurities as in [7]. To obtain SrABP and mixed Ba/SrABP glasses, the substitution of Ba for
Sr was conducted remaining the constant molar fraction of the alkaline earth oxide in the
glass. The ratio of Ba to Sr in the glass changes within the molar fraction (x) increment of
0.25.

The mixtures of 20 g of the components, taken in the preset proportion, were thor-
oughly mixed before transfer to quartz crucibles, and then fused at above 1300 °C.
Resulted melts were cast and obtained glasses are annealed in an automatic resistant oven.
A series of ABP glasses with Ba that substituted for Sr were prepared and assigned as
(molar ratio of Ba/Sr is shown in parentheses) BaABP (Ba/Sr = 1.0/0.0), Ba/SrABP1
(Ba/Sr = 0.75/0.25), Ba/SrABP2 (Ba/Sr = 0.50/0.50), Ba/SrABP3 (Ba/Sr = 0.25/0.75), and
SrABP (Ba/Sr = 0.0/1.0).

2.2. Judd-Ofelt analysis

The annealed as-cast glass samples were cut into thin plates of typical size 10× 10× 2mmand
polished for future studies. Optical absorption spectra in the ultraviolet and visible (UV-VIS)
regions were measured at room temperature by means of Shimadzu UV-2700 spectropho-
tometer, with 1 nm scan-rate. The JO intensity parameters, namely: �2, �4, and �6, which
are dependent on the local surrounding of Nd3+, have been determined by a least-square fit of
the calculated (Scalc.) to the measured (Smeas.) electric-dipole line strength. Both of them were
found using the following formulas

Smeas. = 3ch(2J + 1)
8π 3ē2N

n
(

3
n2 + 2

)2 ∫
α(λ)

λ
dλ, (1)

whereN is the concentration ofNd3+ (cm−3), h is the Planck’s constant,n is the refractiveindex
of studiedmedium (∼1.52), ē is the charge of electron, c is the speed of light in vacuum,α(λ) is
the absorption coefficient at the wavelength λ, which is determined from UV-VIS absorption
measurements and equals 2.303D×d−1, where D is the optical density, d is the absorption
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layer thickness (ca. 2 mm),

Scalc. =
∑

λ

�λ

〈
(S, L) J

∥∥U λ
∥∥ (

S′, L′) J ′〉 , (2)

where �t are the JO intensity parameters, S, L, J and S′, L′, J′ are the quantum numbers of
respective terms, and 〈‖U λ‖〉 is the doubly reduced matrix elements calculated in the inter-
mediate coupling approximation [8,10].

Spontaneous emission probability (A(J – J′)) is taken from

A(J − J ′) = 64π 4ē2

3h(2J + 1)λ3
n(n2 + 2)2

9
Scalc.(J − J ′), (3)

where λ is the mean wavelength of the absorption band.
The accuracy of the model predictions was evaluated by the mean squared deviation,

δ = (Scalc. − Smeas. )
2/N, (4)

where N is the number of lines what equals 7.
The radiative lifetime (τ r) and the luminescence branching ratio (β(J – J′)) are found from

the respective Judd’s parameters through the following equations:

τr = 1∑
A(J − J ′)

, (5)

β(J − J ′) = (J − J ′)∑
A(J − J ′)

, (6)

The stimulated emission cross-section (σ em) is calculated as

σem = λ4β

8πn20cτr
λ
, (7)

where 
λ is the full width at half maximum normalized on [6].

2.2. Empirical estimation of glasses properties

The glasses properties were estimated within the relations of SD, for details refer to [7].
Principally, such simulations bind the empirical equations with the component ratio depen-
dence [12]. To calculate the average molar refraction (Rm) from the additive approach, we
took the molar polarization ability of metal cations and oxygen anions from Shannon’s work
[13]. To estimate the ionic packing ratio (Vp), the same principle within the rigid sphere
model was used. The optical basicity (�th), the polarizability of oxygen ions (α(O2–)) and
the Goldhammer-Herzfeld (GH) criterion for metallization are calculated as in [14, 15].

The empirical optical parameters correspond to the respective electron and charge char-
acteristics of a glass media as follows. The interaction of UV-Vis radiation and a matter, the
ability of glass to create dipoles through a host matrix, is characterized by the value of Rm.
Besides, the mobility of the electron cloud of oxygen ions can be estimated from the value of
α(O2–). The electron-donor ability of oxygen ions in a glass matrix is deduced from �th.

The molar volume of glasses (Vm) was found from the formula

Vm =
∑ MiXi

ρ
, (8)
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Figure . Photograph of as-cast glasses (a) and polished glass plates (b), from left to right: (a) SrABP and
BaABP; (b) BaABP, Ba/SrABP, Ba/SrABP, Ba/SrABP, and SrABP.

where ρ is the density of the glass sample measured gravimetrically,Mi and Xi are the molar
mass and fraction, respectively, and the subscript i refers to the constituent oxides.

3. Results and discussion

Figure 1a display as-cast glasses samples that have good transparency.
In the absorption experiments, we used polished plates depicted in Fig. 1b. The UV-Vis

absorption spectra of the studied glasses are shown in Fig. 2.
In Table 1 is summarized the parameters �t those are determined from the values of Smeas.

for the intensive spectral lines (Fig. 2).
From the presented �2, �6 and �4/�6 parameters, it is obvious that there is an extreme

trend toward the ratio of Ba to Sr. Definitely, the substitution of Ba2+ for Sr2+ affects con-
siderably on the structure and properties of the initial BaABP matrix. It is also notable that
the numerical values of δ are low in the comparison with the values of Smeas. and Scalc.. The
values of δ are acceptable for the Judd-Ofelt approximation for this glass matrix and each
of them shows a good spectrum fit. The parameter �2 can be considered as the criterion of
ionicity/covalency of RE–O bonds. In other words, the value of�2 depends on the symmetry

Figure . UV-Vis absorption spectra of ABP glasses. The final states of the transitions are labeled. The spectra
are normalized by the plate thickness.
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Table . The values of Judd-Ofelt parameters (�t) and mean squared deviation (δ).

�t ,× − cm

Glass � � � �/� δ,× − nm× cm

BaABP .± . .± . .± . . .
Ba/SrABP .± . .± . .± . . .
Ba/SrABP .± . .± . .± . . .
Ba/SrABP .± . .± . .± . . .
SrABP .± . .± . .± . . .

of NdO8 polyhedra. So, the highest symmetry of the surrounding of Nd3+ ion causes the
lowest value of�2 parameter that also corresponds to the highest ionicity of the Nd–O bonds.
Besides, the parameter �6 could be considered as a measure of the stiffness of an optic glass
matrix. The Ba/SrABP2 glass shows the maximal stiffness and the highest asymmetry in the
vicinity of the excited Nd3+ ions [16]. For the Ba/SrABP3 glass, the spectroscopic quality
parameter, the ratio of �4/�6, has the highest value to foresee an efficient stimulated emis-
sion. It also can be an evidence of the highest intensity of the laser 4F3/2→4I11/2 transition. For
the Ba/SrABP2 glass (Ba/Sr= 0.5/0.5), the covalence of Nd–O bonds is the highest (see�2 in
Table 1), probably, because of the most efficient Nd3+ coordination with the terminal oxygen
of P = O sites. Thus, the increasing covalency of the Nd–O bonds causes the greater electron
delocalization. In turn, the delocalization reduces the electron-electron pair interaction for
the 4f shell. Finally, the lowering the energy of electron-electron transitions greatly increases
the probability of the laser and pumping transitions [17, 18]. The values of A(J – J′), β(J – J′),
τ r, and σ em, calculated by using Equations (3–7), are listed in Table 2.

The compositional dependence of the spontaneous emission probabilities of Nd3+,
A(J – J′), has observed for all ABP glasses. This is not a surprising situation since the values
A(J – J′) are calculated using the intensity parameters �t affected by the Nd3+ ions confine-
ment. Themagnitude ofA(J – J′) for J= 11/2 and 13/2 increases monotonically, up to Ba/Sr=
0.25/0.75, with a decrease in the value ofVp which depends on the networkmodifier. Perhaps,
the Ba ions have the special effect on A(J – J′). The substitution of Ba for Sr shows no if any
influence on β(J – J′), but has a strong decreasing effect on τ r. The complete substitution of Ba
for Sr gives the controversial result (cf. respective data in Table 2). Surprisingly, the value of
τ r demonstrates a non-monotonic extreme dependence on the composition, in the range of
Ba/Sr= 0.0–0.7/0.25. The reason of this is that, when the probability of the 4F3/2→4I13/2 tran-
sition increases with the content of Sr, at the same time, the glass density decreases. Therefore

Table . The spontaneous emission probabilities A(J – J′), luminescence branching ratio (β(J – J′)), radiative
lifetime (τ r), stimulated emission cross-section (σ em), and the ionic packing ratio (Vp) of prepared glasses.

F/→IJ ,×  s−

J= / J= / J= /

Glass A(J – J′) β(J – J′) A(J – J′) β(J – J′) A(J – J′) β(J – J′) τ r, ms σ em,× − cm aVp, %

BaABP . . . . . . . . .
Ba/SrABP . . . . . . . . .
Ba/SrABP . . . . . . . . .
Ba/SrABP . . . . . . . . .
SrABP . . . . . . . . .

a Vp calculated at coordination numbers CNBa–O =  and CNSr–O = .
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the resulted glass networks have a reduced ability to relax. Besides, the outcomes of our stud-
ies suggest that the Nd3+ and La3+ break some of the P–O–P bonds and occupy the definite
network sites. This dual incorporation in the phosphate glass is shown to result in a dispersion
of the Nd3+ ions. Because of this, the nearest Nd–Nd distances in the glass networks tend to
elongate. From the laser efficiency perspective, such dilution of Nd3+ with La3+ prevents the
concentration quenching of luminescence in the ABP glasses. We will notice that the aver-
age oxygen coordination number (CN) around the La3+ is expected to be from 6 to 7 for the
metaphosphate glasses. And, nevertheless, it may take the value of 8 as for Ba metaphosphate
glasses [19].

As seen from the Table 2, the values of τ r are better for Ba/SrABP2 and Ba/SrABP3 glasses.
Surprisingly, the values of σ em for our glasses exceeding that of the reference material [11],
which is recalculated to be σ em ∼3.8. This fact discloses the high potential of the initial
reagents purification [4] and the cations substitution for the improvement of the laser param-
eters. To illustrate the effect of substitution, the experimental and empirical parameters are
plotted, for a comparison, against the ratio of alkaline earth metals (Ba/Sr) in glasses, see
Fig. 3.

If consider depicted correlations we can assume that the values of�th, Rm, Vm, ρ, GH, and
α(O2–) decrease smoothly from BaABP to SrABP glass, Fig. 3a. The parameters Vm and GH
calculated from the additivity law show a similar increasing tendency as functions of Ba/Sr
ratio. It is not a surprising situation, since all the parameters, Vm and GH, and also ρ, are

Figure . (a-b) Experimental and empirical parameters as functions of Ba/Sr ratio.
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dependent on the molar masses of components. Naturally, this is due to the higher molar
mass of Ba as compared with that of Sr.

In contrast to previously disclosed concentration behavior, another monotonic trend is
apparent for the values of�th, Rm and α(O2–). This fact can be described in the following way.
It is clear that the contribution of two alkaline earth metals is only subjected to the change.
Therefore, the induced variations in the optical parameters are isobathic and correlate with
each of the alkaline earth metal contributions.

The simultaneous decrease in the reciprocal magnitudes (1/GH and 1/Vm) is seen from
Fig. 3b. To illustrate the relationship between G and 1/GH, below we will focus on their phys-
ical nature and consider the facts. As far as the GH criterion is a measure of the bond metal-
licity, the near-zero values of GH correspond to the metallic conductivity, while the GH→1
corresponds to the dielectric state. The half substitution of Ba by Sr decreases the GH values
of the glass matrix, from 0.82 to 0.76. In this case, the increase of the metallicity is accompa-
nied by a decrease in the electron-nuclei binding. Definitely, the value of 1/GH can be used
to estimate the possibility of the electronic transitions between the levels of the partially filled
4f shell of Nd3+. The latter can be explained by the less electron-nuclei interaction (ENI) and
the more charge detrapping effect. The replacing of the more for the less electropositive alka-
line earth metal ions lead to the more reliable electron transitions. This is the reason for a
correlation between the spectroscopic parameters of the optic quality of glass, e.g. �2, �4/�6

and β/τ r, and the GH criterion. So, the extreme of the GH dependence at Ba/Sr= 0.50/0.50 is
could be due to the decrease of the density and the changes in the energy relaxation pathways.

It is interesting to compare the concentration dependencies for the reciprocal magnitudes
and the Judd-Ofelt intensity (β/τ r and �4/�6) parameters because they have essentially the
same origin, see Fig. 3b. The β/τ r parameter estimated for the 4F3/2→4I11/2 transition is gener-
ally accepted as the criteria for laser action. To improve the β/τ r parameter the probability of
transition can be increased. The later gives reducing the influence of the ENI, as shown above
for 1/GH. Thus, using the 1/GH as a criterion which corresponds to the transitions probabil-
ity, one can find the same dynamic variations as for the β/τ r and �4/�6 that are determined
by the Judd-Ofelt theory. Since the GH criterion is deduced from the Vm by the formula

GH =
[
1 −

(
Rm

Vm

)]
, (9)

it is not surprising that the concentration dependence for 1/Vm shows a similar non-linear
trend.

In sum, the polarizability and the possibility of energy transfer in the glass media are the
functions that depend crucially on the structure and the composition. They both have a con-
siderable effect on the spectral optical characteristics. The 1/GH criterion includes the density
of glass media indirectly through the molar volume (see Equations 8 and 9). Since the density
and the average molar refraction are interrelated with the energy transfer and the polarizabil-
ity, so, the value of 1/GH represents correlated dynamics.

The concentration dependence of �4/�6, the spectroscopic quality parameter, shows an
extreme behavior (Fig. 3b). This fact could be disclosed if one accounts the effect of the local
bonding alteration near the excited Nd3+ ions. From a crystal chemical point of view, the
distortion in Nd3+–O shell could be considered as follows. Typically, neodymium in oxide
glasses maintains a rather uniform coordination sphere of approximately 7 or 8 non-bridging
oxygens [20]. The average coordination site of Nd3+ keeps the same in the different alka-
line/alkaline earth alumina borosilicate glasses [20]. In the metaphosphate glass, the Nd3+

tends to the 7-fold oxygen coordination [21]. We suppose that the same conservation of the
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trivalent neodymium coordination with oxygen, as found in [20, 21], should be valid for the
multicomponent metaphosphate glass considered here.

Apart from these coordination rules, the rigidity of the net is tuned within a range of Ba2+

to Sr2+ ratio, see Vp in Table 2. This regulation is undoubtedly observed when the glass net-
work conversing from the initial Ba-containing to that of the mixed Ba/Sr. In fact, the cation
replacement induces changes, the source of which are the spatial difference in the dimensions
of the voids occupied with the larger Ba2+ and the smaller Sr2+ cations. The cations fitted into
voids are irregularly coordinated by the oxygen. The average oxygen CN around Ba in the
metaphosphate glasses varies from 8 to 11 [19, 22, 23]. As was shown in [19, 24], in similar
and resembling glasses, Sr is coordinated with 6 to 7.5 oxygen atoms. The glass seems to be
influenced by the ability of Ba ions to coordinate strongly with more oxygen even in the pres-
ence of Sr ions. That is why it is not surprising that the different coordination ability stimulates
the concurrence for the positions in the vicinity of Nd3+.

4. Concluding remarks

We have analyzed the JO parameters for the ABP glasses with the different Ba/Sr ratio and
obtained a set of the laser 4F3/2→4I11/2 transition characteristics, including the stimulated
emission cross-sections. In the presently analyzed glasses, the structural changes taking place
around the excited Nd3+ ions induce the improvement of the glass optical properties. In the
Ba/SrABP glass series, where Ba2+ are progressively replaced by Sr2+, the Ba2+ ions may pref-
erentially stay in the vicinity of Nd3+, so that the bond covalency does not change abruptly.
Such observations become possible due to the high sensitivity of Nd3+ absorption spec-
troscopy and the JO analysis designed for a soft isotropic matter.

The substitution shows that the BaABP glasses can be improved in the proposed way.
In general, by changing the composition of these glasses, excellent glass characteristics can
be reached. Through the glass systems, the spontaneous emission probabilities of 4F3/2→4IJ
(J= 9/2, 11/2 and 13/2) transitions increase with an increase ofVp. The latter varies markedly
with the type of network modifier. Considering the substantial effect of the local medium, in
the vicinity of the excited Nd3+ ions, the striking effect of a mixture of alkaline-earth cations
on the glasses characteristics is disclosed.
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