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High-density (B8 g/cm3) heavy metal oxide glasses composed
of PbO, Bi2O3, and Ga2O3 were produced, and refractivity
parameters (refractive index and density) were computed and
measured. Refractive indices were measured at six discrete
wavelengths from 0.633 to 10.59 lm using a prism coupler,
and data were fitted to the Sellmeier expression. Optical basicity
was computed using three models—average electronegativity,
ionic-covalent parameter, and energy gap—and the results were
used to compute oxygen polarizability and subsequently the re-
fractive index. Single oscillator energy and dispersion energy
were calculated from experimental indices and from oxide en-
ergy parameters. The predicted glass index dispersion based on
oxide oscillator parameters underestimates the measured index
by only 3%–4%. The predicted glass index from optical basi-
city, based on oxide energy gaps, underpredicts the index at
0.633 lm by only 2%. The calculated glass energy gap based on
this optical basicity overpredicts the experimental optical gap by
6%–10%. Thus, we have shown that the density, the refractive
index in the visible, and the energy gap can be reasonably
predicted using only composition, optical basicity values for
the constituent oxides, and partial molar volume coefficients.
The relative contributions of the oxides to the total polarizability
were assessed, providing an additional insight into controlling
the refractivity of high-index glasses.

I. Introduction

THE refractive index as a function of wavelength is a critical
design parameter for advanced photonic systems. Thus, the

ability to estimate the refractivity of glasses based solely on their
composition is of great value to both photonic designers and the
materials scientists supporting those designs. Lead–bismuth–
gallate glasses were reported by Corning in the early 1980s,
and their large electro-optic and magneto-optic constants, in-
frared transmittance, and large index of refraction were identi-
fied.1,2 Since then, there has been further interest in these
materials for use in nonlinear optics, specifically a second har-
monic generation, due to their large nonlinear refractive in-
dex.3,4 Glasses produced with �50 cation% of Bi and/or Pb are
called heavy metal oxide glasses.5

One concept often seen in the literature to explain the refractive
index of oxides is polarizability (or alternately, the ionic refrac-
tivity), both of the cations and of oxygen. Usually, the refractive

index is known or measured, and then the polarizability is calcu-
lated, such as with the Lorentz–Lorenz equation (see Eq. (5) be-
low). In this study, the process was approached from the opposite
direction, that is, the refractive index was predicted on the basis of
polarizability determined some other way. In this case, we chose
to use correlations of polarizability with optical basicity, along
with various tabulated scales of optical basicity (based on average
electronegativity [EN], ionic-covalent parameter [ICP], or energy
gap), to predict the refractive index. Creating a density model fa-
cilitated the prediction of the other parameter necessary to cal-
culate the index through the Lorentz–Lorenz equation.

Measurements of density and refractive index were made in
parallel. Index data were collected through the entire infrared at-
mospheric window (i.e., 0.6328–10.591 mm). To our knowledge,
the wavelength dependence of polarizability has been investigated
in the infrared only by Zhao et al.,6 who looked at bismuth–bo-
rate glasses up to 1.5 mm. The current study, therefore, further
refines the understanding of oxygen polarizability in heavy metal
oxide glasses out to mid- and long-wave infrared (i.e., 3–12 mm).

This paper first describes in some detail the theoretical back-
ground and three different methods for determining optical
basicity based on optical properties and chemical bonding. Spe-
cifically, the results from UV absorption, refraction in glasses
and oxides, and the energy gap were used as the ‘‘optical prop-
erties’’ method for determining optical basicity. This is in con-
trast to the other two methods, which are based on chemical
bonding considerations, including atomic and ionic radii, va-
lence, and EN. The rest of the paper addresses a density model,
a refractive index prediction, and a band gap prediction, in
comparison with their respective experimental measurements for
this particular lead–bismuth–gallate system.

II. Optical Basicity

Optical basicity is fundamentally related to the chemical bonding
in a solid and is related to the optical properties of a material
through the polarizability of electron clouds around atoms (ions)
by electromagnetic waves. Optical basicity can be seen as de-
scribing the Lewis acid–base relationship where the acidic probe
ion allows the electronic charge donation power of the anion
(usually oxygen) to be determined.7 Optical basicity should be
considered a material property of a system in the same way that
iconicity and EN is because it too is closely related to chemical
bonding. Like these other chemical parameters, there are many
ways to measure or calculate optical basicity, but in some cases,
the resulting scales are mutually exclusive. This can lead to mis-
applications of the derived empirical correlations to optical basi-
city in the literature if the wrong basicity scale is used. The
following treatment is an effort to clarify the theoretical back-
ground for the optical basicity scales based on ‘‘optical proper-
ties’’ (UV absorption, refractivity, and energy gap), average EN,
and the somewhat hybrid approach based on the ICP.
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The concept of optical basicity has gained wide acceptance
and utility since its introduction in the early 1970s by Duffy and
Ingram.8 Optical basicity concepts have been applied to under-
stand and predict the refractivity of glasses,9,10 nonlinear optical
properties,11 the reduction–oxidation of cations,12–14 the behav-
ior of extractive metallurgical slags,15–18 and even the behavior
of catalysts.19 Optical basicity has been shown to be closely re-
lated to parameters describing the chemical bonding in oxides,
including electronic polarizability of oxygen, EN (variously con-
ceived),20,21 the Racah parameters,12,14,22 the energy gap,20 and
the oxygen-binding energy.23

(1) Optical Basicity and Optical Properties

Optical basicity, as originally conceived, measured the electron
donation power of oxygen to a specific probe ion. Oxides were
doped with a d10s2 probe ion (Tl1, Pb21, or Bi31) that absorbs in
the ultraviolet (UV) and whose peak absorption due to the
1S0-

3P1 electronic transition allowed by spin–orbit coupling
undergoes a wavelength shift, depending on the local electronic
environment. Procedurally, optical basicity was a measure of
how much the primary UV absorption wavenumber of the probe
ion shifted in a pure or a mixed oxide (nglass) in comparison with
its spectral position as a free ion (nfree) and in CaO (nCaO, as a
standard), which can also be thought of as the ratio of J^rgen-
sen’s nephelauxetic h parameter24 in the medium and in CaO.

Lglass ¼
Electron donor power of glass=slag

Electron donor power ofCaO

¼
nfree � nglass

nfree � nCaO
¼

hðmediumÞ

hðCaOÞ

(1)

where Lglass is the optical basicity. This procedure allowed
determination of the optical basicity for a number of alkali
and alkaline earth oxides as well as some of the primary glass-
forming oxides, including Si, B, and Al. Optical basicity was
found to be additive in mixed oxide glasses according to

Lglass ¼
X

i

XiLi (2)

where Xi is equivalent fraction of the cations for the i-th AOa/2

oxide, and Li is the optical basicity of the i-th component oxide.
Here the oxides have been normalized to single cations, where for
an oxide ApOq consisting of Aa1 cations, L(AOa/2)5 1/gA and
a52q/p. This calculation of optical basicity of a glass from the
component oxides with tabulated basicities is often called the
‘‘theoretical basicity’’ (Lth).

Another way this expression can be conceived is through the
idea of a basicity-moderating parameter g, which is specific to a
cation and represents the polarizing power of the cation.

L ¼
X

i

ziri

2

1

gi
(3)

where zi is the cation valence or oxidation number and ri is the
ionic ratio with respect to the number of oxygens (i.e. the
number of each cation available divided by the total number
of oxygens in the system). For a single oxide, the basicity
moderating parameter is simply the inverse of the optical
basicity. Perhaps more simply, it can also be seen that the
following relation is fully equivalent to the above relations,
where qi is the number of oxygen atoms in the oxide and xi is
the mole fraction of the i-th component oxide25:

Lglass ¼
X

i

xiqiLi=
X

i

xiqi (4)

The lack of UV transparency of transition metal oxides led to
consideration of another method for determining optical basi-
city using refractivity (refractive index and density).26,27 Subse-

quently, Duffy and others determined the optical basicities of
oxides by investigating refractivity data (refractive index and
density) for various binary oxides and oxide glasses.

Empirical relations have been found between the oxygen
polarizability (aox) as calculated by the Lorenz–Lorentz equa-
tion and optical basicity. The Lorenz–Lorentz equation allows
the molar polarizability (am) of the solid to be calculated on the
basis of Avogadro’s number (Nav), its molecular weight or
formula weight (M), density (r), and refractive index (n, at
infinite wavelength but normally taken as the sodium D line).
The polarizability per oxygen (aox) is determined by subtracting
the cation electronic polarizabilties (acat, i) (as tabularized or
calculated from cation refractivity [Ri]

28–33) and then dividing by
the total number of oxygens in the formula unit. Polarizability is
typically expressed in units of Å3, and calculations are per-
formed in the Gaussian (cm–g–s or cgs) units system because it
is more convenient.

amðÅ
3
Þ ¼

3

4p

M

rNAV

n2 � 1

n2 þ 2

� �

1024
Å

3

cm3

 !

¼ 0:397
Å

3
mol

cm3

 !

M

r

n2 � 1

n2 þ 2

� �

(5)

In the glass literature, it is often more common to see the
mention of ionic refractivity (Ri) rather than electronic polariz-
ability of the ion (ai), which is simply related as:

Ri

cm3

mol

� �

¼
4p

3
NAvai cm

3
� �

¼ 2:52
cm3

Å
3
mol

 !

aiðÅ
3
Þ (6)

An empirical relation between the optical basicity of a given
oxide system and the electronic polarizability of oxygen based
on refractivity data for binary oxides has been found34:

L ¼ 1:67 1�
1

aox

� �

(7)

and more recently, a different empirical relation was published
based on a series of oxide glasses.35

L ¼
3:133aox � 2:868ð Þ1=2

1:567
� 0:362 (8)

The optical basicity of a glass is assumed to represent the
average oxygen environment throughout the material. It is clear,
however, that the charge on the oxygen atoms can be very
different locally such as occurs with nonbridging oxygen.36Duffy
and Ingram9 noted this from the beginning and referred to it as
the microscopic optical basicity, observed when using different
probe ions on a single material. Later, it was determined that the
local coordination number (CN) and the ligand configuration of
the cations play a key role as well, resulting in multiple values for
optical basicity for boron,35 aluminum,37 germanium,38 and
phosphorus determined by refractivity.18,39 The optical basicity
of glasses as determined by probe ion spectroscopy (Lp) often
differed slightly from the more complete but more variable set of
basicities determined from refractivity (Ln).

35

In addition to determinations of basicity from refractivity
data, correlations have been shown between the energy gap (Eg)
in oxides and refractivity as20

Eg ¼ 20 ð1� Rm=VmÞ
2
or Eg

� �1=2
¼ 4:47ð1� Rm=VmÞ (9)

where Rm is the molar refractivity in cm3/mol as determined
from the molar polarizability (am) as shown in (6) and Vm is the
molar volume in cm3/mol.
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Vm ¼
X

xiMi=rglass (10)

The parameter Rm/Vm term characterizes the insulator to
metallic behavior transition, which results in metallic behavior
when it approaches unity. Dimitrov and Sakka40 have calculated
and compared the optical basicity of various oxides using
oxygen polarizability determined from refractivity. They also
used band-gap data and found a reasonable agreement for most
oxides. A slightly different form for the relation of the energy
gap to refractivity has been proposed to include data from glass
systems with highly polarizable cations (e.g., Pb, Cd, Ti, and
Te), including heavy metal oxides, phosphates, fluorides, and
chalcogenides41,42:

Eg

� �1=2
¼ 1:23ð1� Rm=VmÞ þ 0:98 (11)

In our work, we found that this latter equation represented
the data for heavy metal oxides much better than the original
relation as suggested by Duffy (Eq. (9)).

(2) Optical Basicity and EN

Given the importance of EN as related to optical basicity, it is
instructive to review a brief history of the theoretical develop-
ments leading to the optical-basicity scales derived from average
EN and the ICP used here.

Early on, it was pointed out that there existed some empirical
correlations between the optical basicity of oxides and EN as
variously conceived. Pauling (1932)43 thought of EN as the
power of the atom in a molecule to attract electrons to itself,
and derived his scale from thermochemical heats of formation
on an arbitrary scale from 4 (fluorine) to 0.7 (cesium). He did
not account for the valence state or the ionic radius but had a
single value for each element. This value was conceived of as an
assessment of the ionic contribution to essentially covalent
bonding. The Pauling EN for the cation (wM,Paul) can be
correlated to optical basicity, but only to a cation whose
oxidation state corresponds to a noble gas electron configura-
tion.44–46 A number of additional EN scales have been proposed
over the years since Pauling’s first introduction of the idea.47,48

Fundamentally, bonding in compounds exhibits a mixed
nature of electrovalent (ionic) and covalent forces. Many of
the theories of EN have sought to account for both these forces
in bonding. Even though EN in principle is a property of
elements, the units for EN differ considerably, depending on
the derivation.49

The concept of ‘‘average EN’’ was introduced by Asokamani
and Manjula50 to help understand the behavior of oxide super-
conductors. Average EN, or wave, is expressed as

wave ¼
X

n

i¼1

wiNi=
X

n

i¼1

Ni (12)

where Ni is the number of atoms of a particular element and wi
is the element’s Pauling EN. This relation has been used by
Reddy et al.51 to convert the relationships derived by Duffy for
optical basicity and the Pauling EN into a relationship between
optical basicity and average EN. The following relationship is
derived between average EN and optical basicity for simple
binary oxides21:

L ¼ 1:59� 0:2279wave (13)

Recently, Zhao et al.52 modified the use of the average EN for
the lanthanides, this time carrying out the calculations based on
EN values different from those of Pauling, but otherwise the
same calculation as Eq. (12). These researchers chose for their
scale the EN as determined by Li and Xue.47 Li and Xue’s EN

(Eq. (14)) is very similar in form to the earlier Zhang53 EN (Eq.
(15)). However, the former uses the inverse of Shannon’s
‘‘crystal radii’’ for six coordinated ions (rcr) rather than the
inverse of the covalent radius (rcov

2 ) squared as Zhang did. By
plotting the Pauling EN versus the effective ion potential
ðZ�=rcr, Li & Xue) or versus the electrostatic force ðZ�=r2cov,
Zhang), one obtains the EN:

wLi ¼ 0:105
Z�

rcr
þ 0:863

¼ 0:105
n� Iz=R1ð Þ1=2

rcr
þ 0:863 (14)

wZ ¼ 0:241
Z�

r2cov
þ 0:775

¼ 0:241
n� Iz=R1ð Þ1=2

r2cov
þ 0:775 (15)

Here wLi is the EN as a function of the effective nuclear
charge on the valence electrons ðZ�Þ, which is itself a function
of the effective principal quantum number ðn�Þ, the
ultimate ionization potential (Iz), and the Rydberg constant
(RN5 13.6 eV).

Concepts that include both ionic and covalent contributions
to bonding have also been tied to notions of optical basicity.
Portier et al.54 proposed the concept of an ICP (Eq. (16)), similar
to Zhang’s earlier concept of acid strength55 (Z, Eq. (17)), to
account for the variations due to a differing CN and hence the
ionic radius.

ICP ¼ logP� Awþ B ¼ log z=r2i
� �

� Awþ B (16)

Z ¼ P� 7:7wZ þ 8:0 ¼ z=r2i � 7:7wZ þ 8:0 (17)

Here P is the polarizing power of the ion, formulated as the
atomic charge z divided by the ionic radius ri, A and B are fit
coefficients depending on the choice of EN scales and radii
scales (i.e., Shannon’s ‘‘ionic radii’’ or ‘‘crystal radii’’),56 and the
ICP of Au1 is set equal to zero as the standard. Thus, the
calculated ICP is dependent on the assumed inputs, and so
caution should be exercised with tabularized data. The ICP was
shown to correlate well with bond stability, formation enthalpy,
and fusion temperature.

Furthermore, Portier et al.48 plotted Zhang’s EN (wz) divided
by the ionic radius against the oxidation state divided by the
atomic radius, using rox5 1.40 Å (Shannon’s ‘‘ionic radius’’). By
linear regression, they determined EN (wPort), which is only a
function of cation charge (z) and ionic radius (ri). A small
elemental-specific correction term (a, tabulated by Portier
et al.48) was added back to align the data to Zhang’s EN. The
final EN relation is

wPort ¼ 0:274z� 0:15zri � 0:01ri þ 1þ a (18)

Then, using this definition of EN (wPort) and Shannon’s ‘‘ionic
radii’’ and assuming that six coordinated Au1 have zero ICP,
the ICP is determined from Eq. (16) to give

ICPðPortÞ ¼ logP� 1:38wPort þ 2:07

¼ log z=r2i
� �

� 1:38wPort þ 2:07 (19)

Finally, Lebouttier and Courtine used this last value of
ICP(Port) and correlated it to optical basicity.57 The ICP was
determined for various ions in specific coordinations (e.g.,
tetrahedral, octahedral). The optical basicity of the cation in
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this coordination was determined from existing optical basicity
data (determined by other means) for oxides and glasses. From
here, Lebouttier and Courtine divided the ions into groups of
the same valence electronic configuration: sp, d10s2, d0, d10, and
d1–d9. The first group of sp ions (e.g., alkali [1], alkaline earth
[21], B31, Al31, Si41, and P51) had been those originally
investigated by Duffy’s probe ion technique because they al-
lowed viewing the UV absorption shift of the probe ion. For
other groups, other methods for determining optical basicity
were required, such as review of refractivity data. Essentially,
these authors drew linear fits in each electronic configuration
group between the ICP and the known optical basicity. From
there, they postulated that these relations could be extrapolated
to ions in coordinations, spin states, and valence states where
optical basicity was not known. Hence, they provided a method
for predicting the optical basicity (hereafter referred to as LICP).
The linear relations found were of the form (only two of five
relations are shown, those relevant to the heavy metal oxides
studied here):

d10s2 : ICP ¼ �13:844Lþ 17:134

d10 : ICP ¼ �0:729Lþ 1:390
(20)

Optical basicity derived from ICP then represents a hybrid
scale because the equations are anchored to measured basicity
values from optical properties, but unknown configurations
(coordinations, valence, and spin states) are calculated from
the ICP, which is only dependent on valence and ionic radius.
The authors apply these relations to predict the basicity of
many mixed oxides for which it is desirable to understand the
acid–base properties for application to solid-state catalysis.
The relationship between the Racah parameter and the
optical basicity and ICP has also been investigated in relation
to the inductive effect (polarization of one bond due to
polarization of adjacent ones) and magnetic ordering in
solids.22

Now that the theoretical basis for the optical basicity scales
based on optical properties, average EN, and ICP has been re-
viewed, it will be shown that, of the three, the scale based on
optical properties is the most reliable for predicting the refrac-
tive index and energy gap. Furthermore, these predictions based
on optical basicity are superior to others based on single oscil-
lator parameters.

III. Experimental Procedure

(1) Density—Prediction and Measurement

Four different lead bismuth gallate glasses were prepared for
this study with varying quantities of high-purity PbO (Fisher
Scientific; Pittsburgh, PA), Ga2O3 (Alfa Aesar; Ward Hill, MA),
and Bi2O3 (Alfa Aesar); the glass compositions are listed in
Table I. The glasses were mixed in an agate mill for 5 min,
heated in Pt/10%Rh crucibles at 9001–9501C for 20–30 min, and
poured on a steel quench plate to prevent crystallization. Esti-
mated viscosities of these glasses were on the order of 0.1 Pa � s
at these processing temperatures.

Measured densities of the glasses were obtained using two
methods: helium pycnometry and the Archimedes method us-
ing deionized water (DIW). Helium pycnometry was per-
formed using a Micromeritics (Micromeritics Instrument
Corporation, Norcross, GA) Accupyc 1330 pycnometer with
ultra-high purity helium as the filler gas. The Archimedes
method was performed using the MCC-12 test method and
a Sartorius A200S analytical balance (Sartorius, Goettingen,
Germany).

To develop a predictive density model for lead bismuth gal-
late glasses, SciGlass

s

7.058 (Build 7.10.05.098, ITC Inc., Ham-
ilton, OH) was used to compile the literature data for all glasses
composed exclusively of Bi2O3, PbO, and Ga2O3 with � 50
cation% of Bi1Pb (in the form of Bi2O3 and PbO), and that
included measured density values.1,5,59–78 Of the 24 studies that
produced glasses fitting these criteria, all data from 22 of the
studies in addition to the eight measured data points mentioned
above (four glasses measured using both DIW Archimedes and
He pycnometry methods) were kept for model development,
yielding 59 total data points. The two studies that were excluded
from the model showed erratic data.79,80 Using the remaining 59
data points, a least-squares method was implemented to calcu-
late partial molar volumes, vi, for the three glass constituents,
and these values are presented in Table II. Once vi values were
obtained, densities were calculated for all of the glasses used to
create the model, including the four glasses prepared for this
study as follows:

rcalc ¼
M

Vm

¼

P

n

i¼1

xiMi

P

n

i¼1

xivi

(21)

whereM is the total molecular weight (g/mol) of the glass, Vm is
the molar volume of the glass (cm3/mol), xi is the i-th compo-
nent mole fraction, Mi is the i-th component molecular weight,
and ni is the i-th component partial molar volume and rcalc is
in g/cm3.

The measured densities and calculated densities are shown in
Table I and Fig. 1. Measured densities were within71% of the
values predicted from partial molar volume calculations.

(2) Refractive Index—Prediction

Optical basicities of the component oxides as determined from
the various methods described earlier are shown in Table III.
Because of having complete datasets, optical basicities deter-
mined from (1) average EN (Lwav), (2) ICP (LICP), and (3) oxide
band gaps LEg

were used to calculate optical basicities of the
glasses.

Table IV shows the computed optical basicities of these
glasses used to determine the total molar polarizability through
Eq. (5). The use of Eq. (8), derived originally from glass refrac-
tivity data, gave consistently lower predicted polarizability
and hence index than Eq. (7), which was derived originally
from probe ion data. Equation (7) is the preferred one used in
the literature and gave index predictions closer to the measured
values.

For an oxide ApOq, the total molar polarizability (am), being
the sum of the molar cation polarizability (am,cat) and the molar
oxygen polarizability (am,ox), was used in the Lorentz–Lorenz

Table I. HMO Glass Compositions (in mol%), Densities
(in g/cm3)

Glass

compositions Ga2O3 PbO Bi2O3 r (Arch) r (Pycn) r (Calc) M (g/mol)

HMO-1 23.0 47.5 29.5 8.028 8.138 8.041 286.59
HMO-2 15.0 37.0 48.0 8.358 8.422 8.444 334.36
HMO-3 15.0 42.5 42.5 8.361 8.368 8.409 321.01
HMO-4 20.0 40.0 40.0 8.206 8.172 8.230 313.15

Table II. Molecular Weight (M) and Partial Molar Volume
(vi) Coefficients Obtained Using Least Squares Method

Component Mi vi

Bi2O3 466.0 51.503
Ga2O3 187.4 36.020
PbO 223.2 25.608
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Eq. (5), along with the density determined from the Archimedes
measurement, to determine the refractive index.

am ¼
X

i

xiqox; i
a
ox;i þ xipcat;iacat;i ¼ Foxaox þ am;cat

¼ am;ox þ am;cat (22)

The polarizability per oxygen (aox) is determined from the
total molar polarizability by subtracting the molar cation
polarizability (am,cat) and dividing by the fractional oxygens
(Fox, i.e., mole fraction oxide x�i qox;i, oxygens per oxide).
The cation term and fractional oxygen term do not change for
a given composition. Only the predicted total molar polarizabil-
ity changes, depending on assumed optical basicity, and the
differences are reflected in the polarizability per oxygen listed in
Table IV for each method. For the EN method, gallium was
assumed to be 4-coordinated, bismuth 6-coordinated, and lead
4-coordinated (see ‘‘Section IV’’). The predicted refractive indi-
ces track with the calculated optical basicities as follows:

nEg > nICP > nwav sinceLEg > LICP > Lwav

3 Refractive Index—Measurement

The refractive index was measured at five discrete wavelengths
using a modified prism coupler setup (Metricon 2010, Penning-
ton, NJ). Laser wavelengths included 0.6328 mm (HeNe), 1.5473
mm (Er-doped telecom), 3.391 mm (HeNe), 5.348 mm (quantum
cascade laser), 9.536 mm (CO2), and 10.591 mm (CO2). Prisms
used were rutile (0.6328 and 1.5473 mm) or gallium phosphide
(all wavelengths). A germanium detector was used for 0.6328
and 1.5473 mm, and a Hg–Cd–Zn–Te detector was used for
3.391, 5.348, 9.294, and 10.591 mm. The precision in the mea-
surement of bulk samples is 5� 10�4, provided that the prism
index is known as a function of temperature, and the knee in the
curve due to the onset of total internal reflection is resolvable. In
some cases, particularly at the longer wavelengths, fringing was
observed, and the knee was difficult to resolve, leading to de-
graded precision. Table V shows the measured index data for the
glass compositions at six wavelengths in the visible and infrared
as well as the assumed indices of the prisms at the wavelengths
used. Measurements were all taken at room temperature, with
ambient laboratory temperatures known to fluctuate within
251741C.

Six-parameter Sellmeier equations were fitted to these data-
sets, and the parameters are shown in Table VI.

Fig 1. (A, L) Calculated versus measured densities for lead–bismuth–gallate glasses used to develop the density model. HMO-1, -2, -3, and -4 glasses are
included in the plot. (B, R) Calculated (circles) versus measured (squares—pychnometry, diamonds—Archimedes) densities for only HMO glasses;
agreement is within 71%. Error of 0.005% associated with Archimedes measurements according to calibration with copper standard results in error
bars smaller than the symbols. Such a standard was not available for the pycnometer.

Table III. Optical Basicity of Oxides in HMO Glasses as Determined by Various Means

Symbol Ln Lwav LICP Ln LEg
acat Aint

Input data-

Glass refractivity data

(Eq. (7))

Tabulated L&X47

EN(Eq. (13))

ICP correlations in

L&C57(Eq. (20))

Refractive index of

oxide (Eq. (7))

Band gap of

oxide40(Eq. (9))

Cation

polarizability

(Å3)40
Interaction

parameter (Å�3)23

Ga2O3 0.7181 0.92 (CN5 4) 0.52 (CN5 4) 0.7140 0.80 0.195 0.126
(d10) 0.93 (CN5 6) 0.72 (CN5 6)
PbO 0.9682 1.01 (CN5 4) 1.19 (CN5 4) 1.19,40 0.9583 1.17 3.623 0.005
(d10s2) 1.02 (CN5 6) 1.19 (CN5 6)
Bi2O3 0.945 (CN5 5) 1.184 (CN5 5) 1.19 1.508 0.008
(d10s2) 0.949 (CN5 6) 1.185 (CN5 6)
Bi2O5 0.855 (CN5 6) 1.08 (CN5 6)
(d10)

For Ga31, CN5 6 corresponds to the oxide, CN5 4 to the glass.84 For Bi31, both CN5 5 and CN5 6 are seen in glasses as in the oxide85; data for Bi51 are included for

reference only. For Pb21, CN5 4 seen in PbO and glasses; CN5 3 in glasses85; no radius data available in Shannon or EN data available in Li and Xue for CN5 3; data for

CN5 6 included for reference only. Cation polarizabilities calculated from ionic refractivity data as a5R/2.52.
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n2ðlÞ ¼ 1þ
Al2

l2 � B2
þ

Cl2

l2 �D2
þ

El2

l2 � F2
(23)

Figure 2 shows the measured and computed refractive index
dispersion for the glasses.

Comparison of the smallest wavelength measured datapoint
(0.6328 mm) with the predictions for the refractive index based
on optical basicity in Table IV shows that calculating from the
optical basicity parameters from the band gap of the oxides, nEg

,
yields the best correlation with the measured values.

Figure 3 shows the per oxygen polarizability dispersion com-
puted from Eq. (5) using the measured refractive index.

(3) Optical Gap and Dispersion

Transmission of the glasses was measured from 0.2 to 3.3 mm
at 0.1 s/nm dwell and 1 nm intervals using a Varian Cary
500 dispersive spectrophotometer (Varian Inc., Palo Alto,
CA) and from 2.5 to 25 mm using 128 coadded scans at 2
cm�1 resolution using a Thermo Nicolet 6700 Fourier transform
infrared spectrometer (Thermo Fisher Scientific, Waltham,
MA). The absorption coefficient was calculated from the
Beer–Lambert law assuming no reflections in the high absorp-
tion band edge as:

b ¼ � 1=Lð Þ ln Tð Þ (24)

and alternately assuming multiple reflections as:

bmr ¼ 1=Lð Þ

� ln ð1� RÞ2=2Tþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ ð1� RÞ4=4T2

q

� �

(25)

where b is the absorption coefficient (in cm�1), L is the sample
thickness, T is the measured transmittance, and R is the single
surface reflectivity in air calculated from the index of refraction.
Reflection is calculated from the Sellmeier refractive index as

R ¼ n� 1ð Þ2= nþ 1ð Þ2 (26)

From these calculated absorption coefficients, the Tauc plot
and the Urbach plot were generated.

Optical energy gap (Eopt) was determined using Tauc’s
method86 of extrapolating (bhn)1/2 [eV1/2/cm1/2] vs energy [eV]

to zero using the equation:

bðnÞ ¼ constant hn� Eopt

� �2
=hn

h i

(27)

where n is the frequency and h is Planck’s constant. Strictly
speaking, Tauc’s law should only be applied to calculated ab-
sorption coefficients above 104 cm�1, whereas, given the thick-
ness of our samples (B2 mm), the calculated absorption
coefficients at the edge of transmission are about 5� 102

cm�1. However, this region is still very linear as shown in
Fig. 4. Urbach energy (DEUrb) was determined from the slope
of the linear part of the plot of ln b versus energy.87

lnbðnÞ ¼ hn=DEUrb½ � � constant (28)

The exponential increase of absorption near the absorption
edge is a result of transitions between the density-of-states tails
caused by disordering. For noncrystalline solids, the broadened
absorption edge compared with crystals arises not only from
electric fields due to longitudinal optical phonons and charged
impurities as for crystals but also from density fluctuations,
charged defects, and lack of long-range ordering.88 The Urbach
energy is the absorption edge energy width of the localized
states, and absorption is from these states to the extended va-
lence band. Increases in Urbach energy are interpreted as in-
creased local disorder.89Urbach energy is the lowest for HMO-2
and HMO-3, and these glasses have the highest Bi2O3 content.
Additions of Bi2O3 have been shown by an extended X-ray ab-
sorption fine structure (EXAFS) to reduce the quantity of non-
bridging oxygens in Ga2O3–PbO–Bi2O3 glasses, as Bi can
maintain coordinations of five or six oxygens.85 It is possible
that the decrease of the Urbach energy is due to the reduction in
the electrical fields around nonbridging oxygens.

Equations (9) and (11) show how the energy gap of the glasses
should be related to the ratio of the molar refractivity to the
molar volume (Rm/Vm). For this assessment, the refractivity was
determined from Eq. (6), using the total molar polarizability
determined from the optical basicity of oxide band gaps, and the
molar polarizability was determined from the Archimedes den-
sity and glass compositions. The results of the experimentally
determined energies and calculated Rm/Vm ratios are shown in
Table VII. The values for Eopt and DEUrb in this table are cal-
culated from the absorption as determined from Eq. (25),
whereas using Eq. (24) resulted in slightly higher absorptions
and thus lower estimates of Eopt by about 0.02 eV. Changes to
the Urbach energy were much larger, about a factor of two

Table IV. Computed Optical Basicities and Refractive Index via Three Methods

Glass compositions Aint (Å
�3) am,cat (Å

3) Fox Lwav aox (wav) n (wav) LICP aox (ICP) n (ICP) LEg
aox (Eg) n (Eg)

HMO-1 3.37 2.70 2.05 0.953 2.33 2.088 0.96 2.36 2.102 1.05 2.71 2.281
HMO-2 2.46 2.85 2.26 0.953 2.33 2.035 1.05 2.71 2.214 1.11 2.98 2.360
HMO-3 2.44 2.88 2.15 0.955 2.34 2.059 1.05 2.68 2.223 1.10 2.95 2.371
HMO-4 3.04 2.73 2.20 0.952 2.33 2.058 1.00 2.51 2.145 1.08 2.83 2.315

Table V. Measured Refractive Indices of Glasses

Glass Compositions 0.6328 mm 1.5473 mm 3.391 mm 5.348 mm 9.294 mm 10.591 mm

HMO-1 2.3153� 2.2184� 2.1879 2.1509 Not tested 1.9447
HMO-2 2.4008 2.2870 2.2595 2.2181 2.0772 2.0035
HMO-3 2.3882 2.2750 2.2475 2.2082 2.0621 1.9897
HMO-4 2.3551 2.2492 2.2221 2.1796 2.0275 1.9652
GaP prism 3.3079 3.0558 3.0238 3.0085 2.9744 2.9571
�Rutile prism 2.8647 2.6049

�after index value indicates it was determined using the rutile prism. All others used the GaP prism. Precision is70.001 due to uncertainty in the temperature, but the

method is capable of an order of magnitude better with precise temperature control, so the final significant digit is retained.
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larger when using Eq. (25) as opposed to Eq. (24). Comparison
of the predictions for energy gap from Eqs. (9) and (11) with the
experimentally derived optical gap shows that the more recently
determined Eq. (11) is a much better prediction of the optical
gap (about a 10% overestimate) than is Eq. (9) (about a 50%
overestimate).

Wemple and DiDomenico90 have described how to model
refractive index (n) data in a single oscillator model as a function
of energy (E) as:

n2 � 1 ¼
E0Ed

E2
0 � E2

�
E2
l

E2
(29)

using three parameters: E0 the single oscillator energy, Ed the
dispersion energy describing the strength of interband transi-
tions, and El the lattice contribution to near band edge absorp-
tion,91 all values in eV. In amorphous solids, Ed has been
correlated with an average CN.92 Typically, these parameters
are obtained by obtaining the linear fit of (n2–1)�1 vs E2 to find
E0 and Ed, or (n

2–1) vs l to find El after the other parameters are
obtained. It has been shown that these parameters can also be
predicted a priori91 from the parameters of the constituent ox-
ides and the mole fractions as

Ej ¼
X

i

xiEj;i (30)

where Ej is the j-th energy parameter (i.e., E0, Ed, and El), Ej, i are
the oxide components (i.e., E0,Bi, Ed,Bi, Ed,Ga, El,Pb, etc.), and xi
are the mole fractions of each oxide in the glass. These predicted
and measured dispersion parameters, the latter extracted from

the indices obtained by prism coupler experiments and modeled
with a Sellmeier equation, are shown in Table VIII.

Based on the determined dispersion parameters, the refractive
index is back calculated and shown in Table IX. The Wemple–
DiDomenico description, with parameters extracted from mea-
sured index data n(WDmeas), well describes the dispersion for
these heavy metal oxide glasses within 70.3% up to 3.4 mm in
the infrared. However, the index values determined from calcu-
lated dispersion parameters from oxide components, n(WDcalc),
underestimate the refractive index by 3%–4% (see Fig. 5). As
Fig. 6 shows, optical basicity obtained from the optical gap of
oxide components, nðLEg

Þ, as described previously, more closely
estimates the visible index than does the index calculated from
the dispersion parameters of oxide components, n(WDcalc), un-
derestimating the measured values by only about 2%.

IV. Discussion

Calculations of optical basicity have to assume a valence and
coordination for the constituent cations. For the calculations
here, Pb21(CN5 4) and Bi31(CN5 6) were used so that all
basicity scales could be compared. EXAFS investigations of
Bi2O3–PbO–Ga2O3 glasses indicate that the oxygen coordina-
tion number (CN) of Pb is reduced from CN5 4 in pure PbO to
CN5 3.5 in 25 mole% Ga2O3 with PbO to only CN5 3 in 40
mole% Bi2O3 with PbO.85 Thus, the formation of PbO4 tetra-
hedra is inhibited with decreasing PbO content. The local struc-
ture around Bi in these glasses is generally assumed to be BiO5

and BiO6 polyhedra as discussed previously. There is some
question as to the presence of Bi31 versus Bi51 in HMO glasses.
In a recent paper, Fan et al.93 indicated that from the Bi 4f peak
in the X-ray photoelectron spectroscopy (XPS) spectrum of
their Bi2O3–B2O3–Ga2O3 glass system, Bi51 was coexisting

Fig. 2. Measured refractive index (points) and Sellemeir fit (lines).
Error bars on the measured refractive index points are smaller than
the symbols.

Fig. 3. Calculated per oxygen polarizability dispersion based on the
measured refractive index.

Table VI. Sellmeier Parameters

Glass Compositions A B C D E F

HMO-1 1.3556 6.937E–07 2.5151 0.2562 7.2321 29.260
HMO-2 1.5014 0.33549 2.6789 �5.4960E–07 5.6872 25.621
HMO-3 1.4813 0.33539 2.6470 1.9808E–07 5.3683 24.956
HMO-4 1.4253 0.33004 2.5929 �1.8371E–07 9.2680 31.557
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with Bi31 in compositions with only 5 mol% Ga2O3, but Bi
51

decreased in favor of Bi31 with increasing Ga2O3 content.
On the other hand, Shimizugawa et al.94 from their EXAFS
and XPS note that the Bi in their glasses, which are primarily
Bi2O3–SiO2–B2O3, is almost completely Bi51. EXAFS data in
PbO–Ga2O3 glasses indicate that Pb is in the 21 oxidation
state.95

Recently, Qi et al.96 showed a remarkable correlation between
the per oxygen electronic polarizability and density in binary
glass systems containing antimony or bismuth. The correlation
was particularly strong with borate and phosphate glasses, with
different slopes of density versus oxygen polarizability for differ-
ent binary systems. The results of this analysis in Fig. 7 show
that in the lead–bismuth–gallate glass system, the linear corre-
lation is remarkable (R2

5 0.98) when plotting the oxygen po-
larizability determined from the optical basicity of oxide energy
gaps versus the measured Archimedes density. It can be seen
from Table VII that the Rm/Vm values are very similar for these
glasses. However, the molar refractivity is based on the total
molar polarizability (am, tot) and so includes contributions from
both the molar cation polarizability (am,cat) and the molar ox-
ygen polarizability (am,ox). Correlations between these polariz-
abilities and the density (not shown) were inferior to those using
the per oxygen polarizability.

Furthermore, Dimitrov and Komatsu23 have shown a corre-
lation between the Yamashita–Kurosawa interaction parameter,
optical basicity, and oxygen-binding energy. The Yamashita–
Kurosawa interaction parameter (A)97 describes the interaction
between cations and anions in terms of the change in the po-
larizability of the free anion due to the cation as

A ¼
af � aox

2 af � acat
� �

aox � acatð Þ
(31)

Here, af is the electronic polarizability of the free oxide ion,
taken to be 3.921 Å3 (Pauling’s value), aox is the per oxygen

polarizability in the oxide as determined by the refractive index
and the Lorentz–Lorenz equation, and acat is the tabulated cat-
ion polarizability (assumed to be the same value for free ion and
oxide because the electron cloud of the cation is not as deform-
able as the oxygen ion). This interaction parameter represents
the charge overlapping of the anion with its nearest-neighbor
cation, and hence is a measure of covalency. Therefore, it is in-
versely proportional to optical basicity, which is a measure of
ionicity.98 Dimitrov and Komatsu23 have determined the inter-
action parameter for various binary oxides and shown that high
oxygen polarizability in the oxide is correlated to cations with
large ionic radii and large cation polarizability (such as Bi and
Pb). The calculation of the interaction parameter (A) of a mul-
tioxide system is identical to that for optical basicity as shown in
Eq. (30) but substituting the component oxide values of A. The
correlation (not shown) between the interaction parameter of
the HMO glasses studied here with per oxygen electronic po-
larizability is excellent (R2

5 0.975) and still very good when
correlated with optical basicity from energy gaps (R2

5 0.938).
The values for the interaction parameter for component
oxide parameters and glasses are shown in Tables III and IV,
respectively.

Figure 7 summarizes these observations for the lead–bis-
muth–gallate glasses studied here. The per oxygen electronic
polarizability (aox) is positively linearly correlated with mea-
sured density and with the total cation polarizability (am,cat).
The total polarizability, on the other hand, depends on contri-
butions from both the cation and the oxygen atoms from each of
the oxides. Thus, even though aox and am,cat are almost identical
for HMO-2 and HMO-3, their total polarizabilities (am, tot) and
hence their refractive indices are quite different because the
fractional number of oxygen atoms (Fox) is different. Another
way to consider this is to compute the polarizability contributed
per mole of a given oxide. Using the per cation polarizability
(acat) and the refractive index or the energy gap, the values of the
oxygen polarizability for each oxide (aox, oxide) can be deter-
mined.23 Then the total polarizability contributed by each oxide
is just computed as in Eq. (22) with the mole fraction of each
oxide applied to compute the total polarizability of the glass this
way (see Tables X and XI).

Figure 8 shows the total polarizability in the glass computed in
this way, which, although not numerically equal to that deter-
mined through optical basicity, is completely correlated
(R2

5 0.9988). The index computed with the Lorentz–Lorenz
equation using these oxide polarizabilities is also shown in Fig. 6,
showing that it overpredicts the measured index at 633 nm by
3%–4%. This method allows inspection of the contribution of
substituting oxides on a molar basis. Figure 9 shows that in the
glass studied here, Bi2O3 contributed to the refractivity/polariz-
ability far more than PbO even though the molar fraction of PbO
was higher in HMO-1 and equal to that of Bi2O3 in HMO-3 and
HMO-4. This is the case because Bi2O3, although having a cation
that is not as polarizable, contributes two of them in addition to
three oxygens with greater polarizability than the oxygen in PbO.
This leads to a total polarizability per mole about twice that of
PbO. Because Bi2O3 is more polarizable than PbO, as also noted
by Fujino et al.,65 substituting more Bi2O3 for PbO should in-
crease the index, which it does going from HMO-3 to HMO-2.
Calculations of this kind based on total oxide polarizability were
performed for the approximate glass-forming region of Ga2O3–

Fig. 4. Optical Gap from the Tauc plot.

Table VII. Experimentally Determined Energies and Calculated Refractivity Ratios Using the Optical Basicity Based on the Energy
Gap of the Oxides as Input

Glass am; OX ;Eg
(Å3) am,cat (Å

3) am; tot ;Eg
(Å3) Rm;Eg

(cm3/mol) Vm, (cm
3/mol) Rm/Vm Eg (Eq. (9)) Eg (Eq. (11)) Eopt (eV) DEUrb (eV)

HMO-1 5.56 2.70 8.26 20.81 35.70 0.583 3.47 2.23 2.05 0.17
HMO-2 6.73 2.85 9.58 24.13 40.00 0.603 3.15 2.16 2.04 0.13
HMO-3 6.35 2.88 9.23 23.26 38.39 0.606 3.10 2.15 2.02 0.14
HMO-4 6.23 2.73 8.96 22.58 38.16 0.592 3.33 2.20 2.00 0.17
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PbO–Bi2O3,
5,65 and the results are shown plotted in the ternary

diagram in Fig. 10.

V. Conclusions

Photonics applications often require the creation of materials
with given refractivity properties (e.g., density, refractive index).
In this paper, we have shown that reasonable estimates of both
the refractive index and the density can be derived strictly from
the composition. A set of high-density heavy metal oxide glasses
based on PbO, Bi2O3, and Ga2O3 was produced, and their re-
fractive index dispersions, optical energy gaps, and densities
were determined experimentally.

The refractive indices and energy gaps were also predicted
from the composition using three different approaches for com-
puting the optical basicity and were compared with the mea-
sured data. Dispersion parameters for a single oscillator model
were determined both from the experimental refractive indices
and from calculated dispersions based on molar fractions of the
oxide constituents. Assuming only a composition and tabulated
values, the prediction of the refractive index in the visible (i.e., at
0.6328 mm) determined from dispersion parameters (i.e., E0, Ed,
El) was inferior to the best prediction from optical basicity. For
the set of heavy metal oxide glasses studied, the measured re-
fractive index in the visible (0.6328 mm from HeNe) correlated
most closely with the predicted index from the optical basicity
determined from the energy gap of the oxides PbO, Bi2O3, and
Ga2O3. This worked better than basing the predicted index on
optical basicity from EN or ionic–covalent parameter consider-
ations.

Single oscillator dispersion parameters obtained using mea-
sured data reproduce the data within 70.3% out to 3.4 mm in
the infrared, but calculated dispersion parameters from oxides

underestimate the index by 3%–4%. The predicted glass index
from optical basicity, based on component oxide energy gaps,
underpredicts the index at 0.633 mm by only 2%, while other
basicity scales are less accurate. The predicted energy gap of
the glasses based on this optical basicity overpredicts the Tauc

Table VIII. Single Oscillator Dispersion Parameters for the
Wemple–DiDomenico Model for the Component Oxides91 and

for Lead–Bismuth–Gallate Glasses (This Work)

Composition/Additive

E0 (eV) Ed (eV) El (eV)

Exp Calc Exp Calc Exp Calc

Ga2O3 9.5 16 0.125
PbO 4.7 23 0.071
Bi2O3 5 21 0.084
HMO-1 5.73 5.89 22.07 20.80 0.1336 0.0873
HMO-2 5.403 5.56 22.30 20.99 0.1358 0.0853
HMO-3 5.404 5.55 22.03 21.10 0.1353 0.0846
HMO-4 5.54 5.78 22.00 20.80 0.1375 0.0870

Table IX. Refractive Index Dispersions Measured and
Calculated, Rounded to the Nearest 0.001

Glass L (mm) nmeas n (WDmeas) n (WDcalc) n ðLEg
Þ

HMO-1 0.6328 2.315 2.313 2.228 2.281
1.5473 2.218 2.214 2.142
3.39 2.188 2.195 2.127

HMO-2 0.6328 2.401 2.397 2.303 2.360
1.5473 2.287 2.280 2.201
3.39 2.260 2.257 2.184

HMO-3 0.6328 2.388 2.385 2.312 2.371
1.5473 2.275 2.268 2.208
3.39 2.248 2.246 2.191

HMO-4 0.6328 2.355 2.351 2.250 2.315
1.5473 2.249 2.243 2.159
3.39 2.222 2.221 2.143

Fig. 5. Wemple–DiDomenico (WD) model for glasses. Large data
points show the measured index values (error bars smaller than sym-
bols), and solid lines connecting them show the single oscillator disper-
sions calculated from the measured index data. Small data points and
dotted lines connecting them correspond to the single oscillator model
using calculated WD parameters from constituent oxide data.

Fig. 6. Calculated versus measured refractive index (633 nm) for four
HMO glasses studied. ‘‘Tot. pol’’ refers to the index determined from
total oxide polarizability, ‘‘Meas.’’ is the measured index using the prism
coupler, and ‘‘WDmeas.’’ refers to the index calculated for Wemple–
DiDomenico (WD) single oscillator dispersion parameters derived from
the measured data. ‘‘LEg

’’ is the index calculated from the optical
basicity using oxide energy gaps, and ‘‘WDcalc.’’ is the index calculated
from the WD dispersion obtained from the oxide parameters. ‘‘LICP’’ is
the index calculated from optical basicity obtained by the ICP, and ‘‘wav’’
is the index calculated from the optical basicity determined by the
average EN.
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optical gap as determined by transmission measurements by
6%–10%.

These results show that for this system, the density, the re-
fractive index in the visible, and the energy gap can be reason-
ably predicted using only composition, optical basicity values
for the constituent oxides, and partial molar volume coefficients.
While basicity predictions provide better accuracy than the os-
cillator model (given existing literature parameters on heavy
metal oxides), they do not provide dispersion information as
does the single oscillator model. Calculations such as these
are useful for a priori prediction of the optical properties of
glasses.

Additionally, a method for assessing the effect of various ox-
ides on total polarizability was shown, indicating that both the
cation and the oxygen polarizability for each mole of oxide must
be considered when designing glass with a particular desired re-
fractivity. Finally, the density must also be considered because it
has been shown to correlate with per oxygen polarizability.

This study has shown that predicting the refractive index and
the energy gap of glasses is feasible using the concepts of optical
basicity. Combined with a prediction of density, this allows a
good estimate of the refractivity properties of oxide glasses.
However, given the several choices of optical basicity scales and
correlation functions, it is not always obvious which tabulated
data to use. For the particular set of compositions studied here,
a preferred set of input data was selected, the optical basicity
that was based on the band gap of the component oxides. Fur-
ther studies like this one are needed to assess whether this result
is particular to this glass family or whether it holds more widely.
Although the optical basicity prediction yielded the best esti-
mate of index, the total polarizability method allowed the rel-
ative effects of substitutions on the absolute index to be
estimated. The oscillator models, while not capable of predict-
ing the absolute index as well as optical basicity does, provides

an insight into the effects of individual oxides on the total dis-
persion. Both absolute index and dispersion are extremely useful
optical properties to predict for future photonic applications,
and we have shown how this might be accomplished to aid in
material design and selection.

Appendix: Equivalency in Various Dispersion Equations

Over the years, authors have used different parameterizations of
the single oscillator dispersion description of the refractive index
or the dielectric constant.99 We have presented one approach,
the Wemple–DiDomenico, which has been shown to provide
information about coordination and dispersion. Other authors
have used different versions, including the one-term Sellmeier100

and the Drude–Voigt equation.65 The equivalency of these
is demonstrated below, and the conversions among them are
derived.

First is the original Wemple–DiDomenico (see Eq. (29)), al-
ready discussed in the body of this paper, but simplified here to
leave off the lattice energy and only focus on the dispersion
caused by electronic transitions:

n2 � 1 ¼
E0Ed

E2
0 � E2

or
1

n2 � 1
¼

E2
0 � E2

F
(A-1)

Here, F is the oscillator strength in units of eV2.
Next is the one-term Sellmeier

n2 � 1 ¼
A0l

2

l2 � l20
or

1

n2 � 1
¼ �

A

l2
þ B (A-2)

Fig. 7. Measured Archimedes density (Table I) and total cation polar-
izability (Table IV) as a function of per oxygen polarizability (Table IV)
for the glasses studied.

Table X. Per Oxide Polarizabilities (in Å3)

acat aox, oxide atot, oxide

Each

cation23
All

cations

Each

oxygen23
All

oxygens

All ions

in oxide

Ga2O3 0.195 0.39 1.822 5.47 5.86
PbO 3.623 3.62 3.381 3.38 7.00
Bi2O3 1.508 3.02 3.507 10.52 13.54

TableXI. Contributions of Each Oxide to the Total Polariz-
ability of the Glass (All Units in Å3 Except Refractive Index)

Ga2O3 PbO Bi2O3 atot, oxide am, tot ðLEg
Þ ntot, oxide

HMO-1 1.35 3.33 3.99 8.67 8.26 2.395
HMO-2 0.88 2.59 6.50 9.97 9.58 2.464
HMO-3 0.88 2.98 5.75 9.61 9.23 2.476
HMO-4 1.17 2.80 5.41 9.39 8.96 2.429

Fig. 8. Correlation between total molar polarizability determined from
adding the polarizability of oxides and from adding the optical basicities
and converting to polarizability (data from Table XI).
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where –A is the slope and B is the intercept of the linear plot
(sometimes indicated as 1/A0).

Finally, there is the Drude–Voigt equation

n2 � 1 ¼
4pNe2

me

f

o
2
0 � o

2
or

1

n2 � 1
¼

pmc2

e2Nf

1

l20
�

1

l2

 ! (A-3)

where f is the unitless oscillator strength, N is the number of
oscillators per unit volume (N5NAvr/M), e is the charge on the
electron, me is the mass of the electron, o is the angular fre-
quency, and the product Nf is known as the dispersion.

Some parameters that are usually extracted from the latter
two dispersions that are not immediately available from the
WD equation are (1) nN, the refractive index at infinite
wavelength considering only electronic transitions, and (2) l0,
the resonance wavelength of the oscillator driving the index
dispersion. The latter is easily obtained directly from the WD
parameters90:

n1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Ed=E0

p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1=B
p

(A-4)

The resonance wavelength requires a few more steps. First,
the unitless oscillator strength must be calculated as:

fðunitlessÞ ¼EdðeVÞE0ðeVÞ
me

4pN�h2

� �

¼ 1:08� 107
cm3

moleV2

� �

FðeV2Þ
Mðg=molÞ

rðg=cm3Þ

� �

(A-5)

Next,Nmust be calculated from the density, molar mass, and
Avogadro’s number, and then the product Nf in m�3 can be
calculated. Once Nf is determined, the slope parameter A in m2

from the Sellmeier equation can be determined:

Aðm2Þ ¼
pmec

2

e2

� �

1

Nf

� �

¼ 1:01� 1025ðm5Þ
� � 1

Nf

� �

(A-6)

Now, along with the unitless A05Ed/E0,
100 we can calculate

the resonance wavelength.

l0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

A=A0

p

¼

ffiffiffiffiffiffiffiffiffi

AE0

Ed

r

(A-7)

Hence, with these relations, one can perform only one of the
dispersion analyses and yet obtain the parameters for several
different analyses to compare with the literature.

Given this, we can now show these parameters for our glasses
and compare one (HMO-4) with the same composition reported
previously as A40.65 It can be seen that there is good agreement
between our HMO-4 and A40, and the differences seen likely lie
with the lower measured density for the A40. The glass reso-
nance wavelength can be understood as the average oscillator
wavelength of Ga31, Pb21, Bi31, bridging oxygen, and non-
bridging oxygen, but is most influenced by the 1S0-

3P1 of
Pb21.65 The low-energy index, nN, calculated here is seen to be
too high compared with the measured index at 10.6 mm (n10.6)
because these oscillator equations do not account for effects of
the phonon resonance. Finally, the quantity Nf is correlated
with the dispersion or the deviation from flatness of the index
versus wavelength curve.

Fujino et al.65 observe that Pb is more dispersive than Bi, and
so one would expect the glass with the highest Pb content to be
the most dispersive, and in fact, HMO-1 has the highest Pb
content (47.5 mol%) and the highest value of Nf, and it shows
the smallest value of the dispersion parameter (n5.35), similar to
the Abbe number (Vd), defined as:

n5:35 ¼
n5:35 � 1

n0:633 � n10:6
and

nd;588 nm ¼
nd;588 nm � 1

nF;486nm � nC;656 nm

(A-8)

Fig. 9. Relative contributions of constituent oxides to the total polar-
izability for the glasses studied (data from Table XI).
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Fig. 10. Total polarizability within the glass-forming region based on
oxides for the HMO system studied here. The composition is in mole
percent. Data points shown are the glasses made for this study. The
calculated total polarizability contours are shown every 1 Å3. This kind
of diagram can be used as a design tool for predicting the refractive
index. As explained in the text, the absolute index is slightly over-
predicted using this method.
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where subscripts are the wavelengths in micrometers when not
labeled with units. Larger dispersions are indicated by smaller
values of n. Thus, the dispersion of HMO-1 is the largest when
considering the index values through the infrared, that is,
including the effects of the phonon dispersion. To calculate
the true Abbe number, the Sellmeier formulas derived must
be used, and two of the data points are outside the measured
range (below 633 nm). If we accept the extrapolation, the Abbe
number indicates that when only considering the dispersion
caused by electronic transitions (nd), HMO-1 still has the highest
dispersion as expected.
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