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Optical absorption and emission spectra of Eu** in Ba(PO;),, Zn(PO;),, and Pb(PO;), glasses are
reported. Judd-Ofelt intensity parameters for f-f transitions were derived from the integrated ab-
sorption spectra and used to calculate the spontaneous emission probabilities from the Dy state.
Fluorescence-line-narrowed emission excited by the Dy« 'F, transition was used to study local
structure around the Eu’" ion. A phenomenological crystal-field analysis was conducted using C,,
symmetry, and it was found that the sites occupied by Eu** in the glasses are adequately described
by Brecher and Riseberg’s model. The influence of the network modifier ions (Ba, Zn, and Pb) on
the major crystal-field parameter ratio (B,,/B,, and B4, /B4y) is discussed. Furthermore, it was
shown that the network modifier ions affect the properties of the Eu—O bond, and, consequently,

the crystal-field strength.

I. INTRODUCTION

Extensive investigations of the luminescent properties
of the Eu’" ion in oxide glasses' “® have shown that the
Eu’" emission spectrum can be affected by varying the
glass composition. For example, the D, — F, transition
probability has been shown to be very sensitive to rela-
tively small changes in the chemical surrounding of the
Eu’® ion.””® A large transition probability of the
aforementioned transition has been postulated to be due
to an increase in covalency'®”!? (decreasing electronega-
tivity of glass), which is mainly determined by the net-
work forming ions. On the other hand, network
modifiers cause slight deviation of the local environment
around the fluorescent ion (usually low concentration of a
rare-earth ion that has been included in the glass). In ei-
ther case, knowledge of the symmetry and bonding of the
probe ion (Eu*") and how they vary with chemical com-
position of the glass and from site to site throughout the
glass are essential to understanding the atomic scale
structure of glass.!> Optical spectroscopy (absorption,
emission, fluorescence line narrowing) and crystal-field
analysis are particularly useful in this aspect. Eu®*' has
been the favorite probe ion to study because of the rela-
tive simplicity of its energy-level structure and the fact
that it possesses nondegenerate ground ('F,) and emitting
states (°Dy).

The aim of this research is a detailed study of the opti-
cal properties exhibited by trivalent europium in barium,
zinc, and lead metaphosphate glasses. The subject is
covered in four parts. First, absorption spectra and
fluorescence lifetimes of Eu®" ions were measured for the
following polymeric phosphate glasses: [M (PO;),],,
where M=Ba, Zn, Pb. Second, Judd-Ofelt parameters
for the f-f transitions were derived from the integrated
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absorption spectra and used to calculate the spontaneous
emission probabilities from the D, state. Third, fluores-
cence line narrowing (FLN) or site selective spectroscopy
was used to study the local environment around the
fluorescent ion (Eu’*). Finally, a phenomenological
crystal-field analysis of the spectral data was carried out
to obtain information regarding local site symmetry and
properties of the chemical bonding.

II. EXPERIMENT

Metaphosphate glasses of composition M(PO;), (where
M= Ba, Zn, or Pb) doped with 2.5 mol % of Eu(PO;),
were investigated. The samples were prepared by mixing
appropriate quantities of PbO (Carlo Erba RPE), (NH,),
HPO, (Carlo Erba RPE, ZnO (Jannsen Reagent Grade),
BaCO, (Merck Reagent Grade) in a ceramic crucible [for
Pb(PO,), ], or in a sintered alumina crucible [for ZnPO;),
and Ba(PO;),]. The compositions were melted for: 2 hr.
at 1250°C [Zn(PO;),], 900°C [Pb(PO;),], and 1200°C
[Ba(PO;),]. Each melt was then cast in a stainless steel
mold and annealed for 12 h at temperatures close to their
softening points. Samples were cut to a 0.3-1.0 cm
thickness and carefully polished for the optical measure-
ments.

Absorption spectra of Eu®" in the range 250-900 nm
were recorded for all glasses at 293 K with a Perkin El-
mer Lambda 15 spectrophotometer (spectral resolution, 1
nm). Low-resolution europium fluorescence spectra were
recorded at 293 K in the visible region with a Perkin El-
mer MPF 44 corrected fluorimeter. Fluorescence decays
were measured at 293 K using a Perkin Elmer LS5
fluorimeter equipped with a broad-band radiation source.
The third e-folding times of the D, decay were mea-
sured. In this time interval the decay curves were exactly
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exponential; however, the presence of a slow decay com-
ponent cannot be excluded.

A Spectra Physics 375 dye laser operating with rho-
damine 6G (1072 mol/dm? in ethylene glycol) pumped by
a Coherent CR-18 argon-ion laser was used for excitation
of the FLN spectra. The laser has a typical linewidth of
2 cm™! full width at half maximum (FWHM) over the
tuning range 575 to 581 nm used in this work. Emission
spectra were excited directly with the 514.5 nm green line
of the argon-ion laser. All FLN spectra were recorded
with a Jarrell-Ash 1-m Czerny-Turner double monochro-
mator using a maximum slit of 100 um. The fluorescence
signal was monitored with an RCA-C31034-02 pho-
tomultiplier operating in the photon counting mode and
recorded under computer control using a Stanford SR
465 software data acquisition/analysis system. The data
was acquired at liquid nitrogen temperature (77 K) using
an Oxford Instruments continuous flow cryostat (CF
204).

Energy levels were determined by deconvoluting the
measured spectra with a Gaussian band least-squares
minimization routine'* employing a Marquardt algo-
rithm.!> The crystal-field parameters, B,,, , were obtained
using the equations for C,, symmetry given by Lempicki
et al.'® and determined by successive approximation us-
ing the program c2v—Fit.!* This program uses a simplex
algorithm to minimize the sum of squared residuals be-
tween the observed and fitted energy levels. The program
accepts as input the observed peak positions of the eight
crystal-field components of the 'F, and 'F, multiplets. It
assigns the symmetries to the peaks in the order 4,, B,
B, for 'F, and B, A, B,, A,,and 4, for ’F,.

III. RESULTS

A. Absorption and fluorescence spectroscopy

Figure 1 shows the room-temperature absorption spec-
tra of the glasses under investigation in the range
350-600 nm. They consist of several inhomogeneously
broadened transitions from the ’F,, ground state and the
thermally populated 'F, state (whose barycenter lies at
approximately 360—390 cm ! above the 'F,) to the excit-
ed states belonging to the 41° configuration. The transi-
tion energies are similar to those measured for Eu®" in
other oxide glasses.!”> The f—f transitions are ob-
scured by a rapidly rising background at energies higher
than 27000 cm ™! for Zn(PO,), and 28500 cm ™' for
Pb(PO;), and Ba(PO;),. The presence of this cutoff limits
the number of absorption transitions that can be ob-
served. Attempts to measure the 'Fg«'F, transition in
the 2.0 um region were unsuccessful due to severe
scattering. The bands in Fig. 1 correspond to transition
from the 7F, ground state, and the thermally populated
’F| to the [SL]J states listed in Table I.

The low-resolution room-temperature fluorescence
spectra excited at 394 nm (°L «'F,) showed inhomo-
geneously broadened *D,—'F,(J =0-4) transitions. The
’F5 ¢ transitions were outside our experimental range and
could not be measured. Evidence of a weak and broad
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FIG. 1. Absorption spectra at 293 K of Eu'* in Ba(PO;),
(top), Zn(PO;), (middle) and Pb(PO;), (bottom) glasses.

emission around 400 nm was detected in the Eu®" doped
Zn(PO,), glasses excited at 320 nm. We assigned this
emission to allowed interconfigurational transition of
Eu’" present in trace amounts in the glasses prepared at
higher temperture (= 1200 °C).

B. Transition intensities

The transitions responsible for the bands in the absorp-
tion and fluorescence spectra can be accounted for by a
magnetic or a forced electric dipole mechanism. The os-
cillator strength, P, of the forced electric dipole transition
can be expressed in terms of three phenomenological pa-
rameters, ), on the basis of the Judd-Ofelt theory!”!8

__8mmco (n2—2)?
3h(2J+1) 9n

3> Q,l|Uuf, (1)
t=2,4,6
where (2J+ 1) is the multiplicities of the lower states; n is
the refractive index; m is the mass of the electron and o
is the peak absorption (wave number). The Judd-Ofelt
parameters (,, Q,, and Q¢ were calculated from the
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TABLE I. Position and assignment of bands for the absorption spectra of Zn(PO;),, Pb(PO;),, and
Ba(PO;), at 293 K. Oscillator strengths P,, corrected for the thermal population for the transitions
from the 'F, levels are reported. (a) indicates a barely observable value. Parentheses around an actual
value indicates a shoulder.

Zl’l(PO3)2 Pb(PO3 )2 Ba(PO3 )2
bary- bary- bary-
center center center
Assignment (cm™") P.(1077) (cm™) P.(1077) (cm™") P.(1077)
SDy<—"F, 17316 (a)
SD,«'F, 18 797 18762 18797
’D,"F, 19011 0.18 19011 0.21 18975 0.22
D, 'F, 21528 2.19 21505 1.36 21505 2.19
SDy«"F, 24125 0.32 (24 150) (24 150)
SLe—'F, 25031 25062 (25060)
SL¢<—'F, 25413 7.90 25413 13.30 25413 11.10
SL,<"F, 26 180
5G,«'F, (26 390) (26 390)
SGs<—7F1
SG6
5G4<—'F, (26 650) 26 596 0.92 (26 670)
SGS
’D,~F, 27624 2.12 (27 620)

emission and absorption spectra and using the matrix ele-
ments of Weber!® and Carnall et al.,? respectively. The
Judd-Ofelt parameters obtained for the samples are tabu-
lated in Table II.

The spontaneous emission probability, 4, was calculat-
ed from the Judd-Ofelt parameters using the following
equation:

4= 64melc® n(n*+2)?
3h(2J +1) 9

> Q,lu, (2)
1=2,4,6
where 2J!+1 is the multiplicity of the upper state, 7 is
the refractive index; e is the electron charge; and o is the
peak fluorescence (wave number). The spontaneous radi-
ative transition probabilities are reported in Table III.

The fluorescence lifetimes for the D, —F|, transitions
measured at 293 K for Zn(PO;),, Pb(PO;),, and
Ba(PO;),, were found to be 2.3, 2.0, and 2.3 ms, respec-
tively. The highest vibrational frequency in phosphate
glasses is about 1200 cm ! therefore it is reasonable to
assume that the quantum efficiency of the emission from
the D, is close to unity. The radiative lifetimes of the

TABLE II. Judd-Ofelt parameters ,, for Eu’" in

Zn(PO;),), Pb(PO,),, Ba(PO;), glasses.

3D, calculated from the spontaneous radiative transition
probabilities are included at the bottom of Table III.
They were found to be comparable to the observed
fluorescence lifetimes.

C. Site selective spectroscopy

Figure 2 shows the low-temperature (77 K) °Dy—"F,
’F,, 'F, region of the Eu®" emission spectra excited at
514.5 nm from the barium (top), zinc (middle), and lead
(bottom) metaphosphate glasses. The broad inhomogene-
ous profile for the D,—'F, transition in each of the
metaphosphate glasses at 77 K arises from the site-to-site
variations of the crystal-field strength. The full widths at
half maximum for the transition 5D0—+7F0, were found
to be 46 cm™!, 56 cm ™!, and 66 cm~! for Pb(PO,),,
Ba(PO;),, and Zn(PO;),, respectively, and are much nar-
rower in comparison to those reported for oxide glasses
that are usually about 100 cm™'.!7® Despite the general
similarity of the >Dy—’F, emission band for the three
samples the line shape for the barium and zinc metaphos-

TABLE III. Calculated spontaneous emission probabilities,
A, at 293 K for the transitions *Dy—F, (J=1—4). Calculated
fluorescence lifetimes (7) of the °D,,.

Host 0,(107% cm?) Q107 cm?) Q1072 cm?)
Zn(PO,), 7.4+1.6° 2.3 1.3¢ ‘ Zn(PO,), Pb(PO,), Ba(PO,),
Pb(PO;), 43+0.5° 3.140.9* 2.0° Assignment A7) A7) As)
Ba(PO,), 5.9+3.2° 1.4° 1.8 SDy—F, 51.3 75.2 58.4
S 7
*Determined from the transitions D, «'F, and °Dy—F,. 520_2? 300.0 2534 26§'§
"Determined from the transitions *Dy—F,+°G,«F, and Jrom s :
Do, Dy—F, 45.7 94.1 31.0
¢ Teale(mS) 2.5 2.4 2.8

‘Determined from the transitions °L¢«'F,.
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FIG. 2. Emission spectra of Eu’" in Ba(PO;), (top), Zn(PO;),
(middle), and Pb(PO;), (bottom) glasses. Excited at 514.5 nm
and observed at 77 K.

phate glasses show more asymmetry (high-energy side)
than the lead metaphosphate, and the peak maxima shift-
ed to lower energy in the following order: Zn metaphos-
phate, (17291 cm™!) Ba metaphosphate (17286 cm™!)
and Pb metaphosphate (17276 cm ™).

One immediately evident feature is the dominance (in-
tensity) of the °D,—F, electric dipole transition for the
zinc and barium metaphosphate glasses. However, this
hypersensitive  transition (*D,—’F,) is slightly
suppressed for the lead metaphosphate glass. This behav-
ior is characterized by the relatively lower Judd-Ofelt in-
tensity parameter {1, (Table II) for lead metaphosphate.
For the D,—'F, transition we observe three broad
overlapping lines in the regions 580.4—602.9 nm,
580.1—602.4 nm, and 580—603.4 nm for Pb, Ba, and Zn
metaphosphate, respectively, corresponding to emission
to the three Stark components of the ’F, state. The
linewidths of each component is about 177 cm”!, 184
cm ™! and 153 cm™! for Ba, Zn, and Pb metaphosphate,
respectively. For each of the D,—’F, transitions, a
broad incompletely resolved band containing the five
Stark components is seen (603-638 nm). The full width
is about 730 cm !, for the three glasses.

Figures 3, 4, and 5 show the line narrowed emission
spectra of the barium, zinc, and lead metaphosphate
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FIG. 3. Emission spectra of Eu'" in Ba(PO,), glass at 77 K

using different excitation wavelengths.
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FIG. 4. Emission spectra of Eu’* in Zn(PO;), at 77 K using
different excitation wavelengths.
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glasses, respectively, excited at various wavelengths
within the *D,— 'F, emission bands (which closely cor-
responds to the respective absorption bands due to the
small Stoke’s shift usually observed in rare-earth ions).
All the possible Stark components of the *Dy,—’F,
(three) are measurable. However, the five Stark com-
ponents of the >D,—'F, transition are only clearly ob-
servable for the lead metaphosphate glass. This behavior
would indicate that the widths of the individual Stark
components are broader for the barium and zinc meta-
phosphate glasses. The *D,—F 3,4 emissions for all of
the samples are not completely resolved and also show no
excitation-dependent spectral changes hence are not use-
ful in the subsequent discussion.

The energies of the Stark components of the ’F, and
’F, multiplets with respect to >D,, at each excitation are
plotted in Figures 6, 7, and 8 as a function of the wave-
length (D, excitation energy) for the zinc, barium, and
lead metaphosphate glasses, respectively.

IV. DISCUSSION

The emission bands of the spectra obtained for the
metaphosphate glasses (Figs. 3, 4, and 5) are characteris-
tic of those produced by other glasses and can be inter-
preted using crystal-field theory. The crystal-field Hamil-
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FIG. 5. Emission spectra of Eu®" in Pb(PO,), glass at 77 K
using different excitation wavelengths.
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FIG. 6. Energy of the Stark components of the 'F,, 'F,, and
F, emissions of Eu** in Ba(PO,), glass relative to the *D, emit-
ting level at each excitation as a function of excitation wave-
length.

tonian (#£,) is most conveniently written in its operator
equivalent form '

H.A+ 3 30} |BinOin+B,,0,, |, (3)

where
BEi(r)y=A53(r)=—|elK,{r" v

are the crystal-field parameters; Oy, are the operator
equivalent expressions, 6} is the operator equivalent fac-
tor a;, B; or v ;; K, is the normalizing factor and y 7, are

n
lattice sums. The various entries in the secular deter-
minant are

<JIM|H|IM' > =F 0y 4)

and are easily evaluated from published tables.!® As has
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FIG. 7. Energy of the Stark components of the ’F,, ’F,, and
’F, emissions of Eu** in Zn(PO;), glass relative to the *D, emit-
ting level at each excitation as a function of excitation wave-
length.
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been done for oxide and fluoride glasses,! ~*2! the crystal
field calculations are based on the assumption that the
symmetry around the Eu’" ions is C,,. This is the
highest symmetry for which full splitting of the 'F, and
’F, levels of Eu’" is allowed and the lowest for which
symmetry distinction of most of the components is main-
tained. Using the equations of Lempicki et al.,' a set of
crystal-field parameters, B,,, giving the best fit to all
eight components were derived for each spectrum for the
three glasses studied. The symmetry assignments of
Brecher and Riseberg® simulate the experimental energy
scheme in a satisfactory way with very good root-mean-
square (rms) deviations between the fitted and observed
peak positions. The pertinent crystal-field parameters as
a function of excitation wavelength are shown in Figs. 9,
10, and 11.

To understand the structural implications of these re-

-4
[~]

[=]
T T
>

>
w
Y
N

300

CRYSTAL-FIELD PARAMETER (cm")
T

o
B B4o
r B2o
-300}
-600 g5 577 579 1
EXCITATION WAVELENGTH (nm)
FIG. 9. Observed crystal-field parameters (By,=0],

B,,=+,B4=C, By =A, By,=X) for Eu>* doped Ba(PO,),
glass.
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sults a model for the arrangement of ligands surrounding
the emitting ion is required. A suitable structural model
for the coordination in oxide glasses has been developed
by Brecher and Riseberg.® We shall examine this model
for its applicability to the metaphosphate glass system.
This model limits its consideration to the immediate envi-
ronment of the Eu’" ion, and it involves eight equidistant
coordinating oxygens arranged in a distorted antiprism
with C,, symmetry into which a ninth coordinator (oxy-
gen) intrudes along the C, axis. The assumption that the
europium is eightfold or ninefold coordinated is not un-
reasonable if we consider the ubiquitousness of such coor-
dination in crystalline rare-earth compounds and the ab-
sence of chemical or structural constraints that that
might prevent the rare earth from achieving its maximum
coordination. '

We found that Brecher and Riseberg’s model® gave
reasonable agreement to the observed changes both in
magnitude and sign: B,, increases by a factor of 2, 3.1,

ff T
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FIG. 11. Observed crystal-field parameters (B,,=0,
By, =+,B=0, B,=A, Byu=X) for Ev>* doped Pb(PO;),
glass.
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and 3.4 for the lead, zinc, and barium metaphésphate
glasses, respectively. B,, changes relatively little, and
B,, shows a sharp increase accompanied by a change of
sign. While the signs for B,,, B4y, and By, are uniquely
determined by the spectral assignments and must be
satisfied, those for B,, and B, are essentially arbitrary.

Pure orientational information about the coordination
can be extracted by considering the ratios of the crystal-
field parameters —B,,/B,, and B4, /B,,. The theoreti-
cal ratios of Brecher and Riseberg® and those determined
for the metaphosphate glasses are plotted in Fig. 12. The
points determined in this study follow the theoretical
ones quite well (shape of the curve) indicating the pres-
ence of sites covering the full range of eight to nine coor-
dination. However, we observe that the experimental
points do not fall on the line predicted by the model but
are displaced downward.

Seeking a suitable explanation for the fact that the ex-
perimental points are displaced downward from the
theoretical points, we considered the structural
modifications possible within the context of changing the
network modifying ion, and on the local fields at the
Eu’" sites. In metaphosphate glasses each phosphorus-
oxygen tetrahedron is linked to two other tetrahedra and
one oxygen per tetrahedron with a metal ion. This struc-
ture leads to the existence of long chains of tetrahedra,

Bsa/Ba0

-4 | 1 i ! { | ! ! ! i | !

B2 /By

FIG. 12. Behavior of major crystal-field ratios-B,, /B,y and
B, /B4. The line and O symbols represent values calculated
from the geometric model [Brecher and Riseberg (Ref. 3)]. The
symbols A, Q, + indicate the experimental values for Ba(PO;),,
Zn(PO;),, and Pb(PO;),, respectively.
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TABLE IV. Measured intensity ratios, I (°Dy—F,)/I(*Dy—"F)), peak fluorescence wavelengths,
A, and crystal-field strengths (S) for Eu** in Zn(PO;),, Pb(PO;),, and Ba(PO;), glasses.

Average crystal-field

I1(°Dy—"F,)/I(*°Dy—"F,) A, (nm) strength (S) (cm™")
Zn(PO;), 3.88 578.37 389
Ba(PO,), 3.16 578.59 356
Pb(PO,), 2.08 578.88 351

where the long chain phosphate molecules are entwined,
and the introduction of the Eu’" ions causes cross link-
ing of the phosphate structure.’ If we consider the net-
work modifiers (Ba, Zn, and Pb) to be incorporated be-
tween the long chain phosphate molecules in the vicinity
of the Eu’" ion, then the symmetry and/or covalency of
the glass at the Eu®* should be different for the different
modifiers. The differences in Eu’" emission spectra as a
function of glass composition can be properly described
by the intensity ratios’

I1(°Dy—"F,)/I(°Dy—"F,)
and
I1(°Dy—"F,)/I(°Dy—"F,) ,

which are related to the Judd-Ofelt parameters (2, and
Q4. The Judd-Ofelt parameter (), is related to the co-
valency and/or structural changes in the vicinity of the
Eu’* ion (short-range effect) and Q, is related to the
long-range effects. We observe for the Eu®>* doped phos-
phate glasses, that the ratios (Table 1V),

I(°Dy—"F,)/I(°Dy—"F,)

for the barium and zinc metaphosphate glasses are 3.16
and 3.88, respectively. The larger modifier ion (Ba’",
ionic radii, 1.56 A) gives rise to a larger average distance
between the phosphate chains which results in the aver-
age Eu-O distance to increase, therefore producing a
weaker field around the Eu®* ion. This manifests itself as
a decrease in the value of

I(°Dy—"F,)/I(°Dy—"F) .

In the case of the lead metaphosphate glass, the decrease
in

I1(°Dy—"F,/(I°Dy—"F,)

cannot be accounted for in terms of the ionic radii
(Ba’*=1.56 A, Pb>* =1.43 A) but rather that the Pb>*
ion is more strongly bonded to the oxygen which reduces
the covalency of the Eu—O bond.??

Further support for the arguments presented above is
derived from the fact that the energy of the transition
SDy—'F, (A, peak emission) is lower for the lead meta-
phosphate glass (Table IV). Weber et al.?’ have suggest-
ed that a reduced nephelauxetic effect shifts the center of
gravity of the J states to higher energies which appears as
a small lowering of A,. One can also consider the
crystal-field strength parameter for the three metaphos-
phate glasses studied. The crystal-field strength parame-

ter (S) was calculated using the relationship®*

S= . (5

1
1 2 + 2 +1 2
3§ k1 [Bko 2m2>0(RBkm Bkm)]

The resulting values, (average) obtained are given in
Table IV. The crystal-field strength parameter decreases
in the order Sp, <Spg, <Sz, giving further support to the
role that the modifier ion plays in changing the local field
at the Eu’™ sites.

The crystal-field parameter B, is particularly sensitive
to the magnitude of the electrostatic interactions. The
lattice dependent portion of B,, (in Cartesian coordi-
nates) is given by

2,2
By« P2 ©)
r
Roughly speaking then, larger (in magnitude) values of
B,, imply that the coordinating ligands are closer to the
Eu*. For the Pb metaphosphate glass the values of B,,
are in fact smaller than those found for barium and zinc
metaphosphate. This is consistent with the interpretation
that we have presented.

The influence of the network modifier ions on the ma-
jor crystal-field parameter ratio plot (Fig. 12) can now be
considered. The differences in the plot (downward shift)
can be attributed to (i) the differences in the ionic radii of
Ba?" and Zn?" and (ii) the strength of the Pb—O bond.
Both factors affect the Eu—O bond, therefore the degree
of the downward shift can be related to the effective crys-
tal field at the Eu®*t ion. In the case of Ba?t and Zn’™,
the Eu’" ion in the barium metaphosphate glass will feel
a weaker field since the phosphate chains are further
apart and consequently the Eu—O bond is longer. As we
mentioned previously, in the lead metaphosphate glass
the predominant factor that affects the field at the Eu®™
ion is the reduced covalency of the Eu—O bond. Thus,
the model as in the case of oxide glasses'? is chemically
consistent and gives reasonable agreement to the spec-
troscopically derived parameter.

V. CONCLUSIONS

The present work has yielded a reasonably complete
picture of the spectroscopic behavior of Eu’" in meta-
phosphate glasses. The structural model of Brecher and
Riseberg was applied and it described the overall proper-
ties (structure and bonding) of the metaphosphate glasses
in a reasonable fashion. We showed that major crystal-
field parameter ratios can be used to obtain information
regarding the properties of the chemical bonding.
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