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Information on the position of A, B, and C bands of Pb2+ in 10 different fluoride compounds was collected. Environmental factors
he of the fluorides were calculated based on the dielectric theory of chemical bond for complex crystals. The relationships between
the A, B, and C band energies of Pb2+ and he were investigated. Three linear formulas were proposed. They allowed us to predict
and assign the A, B, and C band energies of Pb2+-doped compounds and were also useful for identifying different Pb2+-occupied
lattice sites. The model predicted that the positions of B and C bands for LiCaAlF6:Pb2+ are 162.9 and 150.9 nm, respectively. In
BaY2F8:Pb2+, the excitation spectrum of Pb2+ from two different cation sites was identified: the higher energy bands of A, B, and
C from the site of Y3+ and the lower ones from the site of Ba2+. For KMgF3:Pb2+, the absorption band at 187 nm from the site of
K+, not Mg2+, was confirmed; moreover, the band at 218 nm was assigned to the A band of Pb2+ in the Mg2+ site. In addition, the
origin of the B and C bands for BaY2F8:Pb2+ and LiBaF3:Pb2+ is discussed and reassigned.
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Pb2+ �6s2� luminescence center belongs to the so-called ns2 ions,
such as Ag−, Cd0, Tl+, Sn2+, and Bi2+, which have been traditional
objects of experimental and theoretical investigation for several de-
cades, and attractive luminescence properties have been found.1-14

The energy level scheme of the free Pb2+ ion shows a ground state
1S0 and triplet and singlet excited states 3P0,1,2 and 1P1, respectively
�see Fig. 1�. At sufficiently low activator concentrations, the pres-
ence of Pb2+ ions induces four absorption bands in the host crystal.
They are labeled in the order of increasing energy, the A, B, C, and
D bands. The origin of the A, B, and C bands was first qualitatively
explained by Seitz.15 In the basic Seitz model, the A band is as-
signed to the 1A1g → 3T1u � 1S0 → 3P1� transition, the C band is
assigned to the 1A1g → 1T1u � 1S0 → 1P1� transition, and the B band
is attributed to the transition 1A1g → 3Eu + 3T2u � 1S0 → 3P2� lev-
els. The higher energy D absorption band, which does not fit in the
Seitz model, was attributed to a charge-transfer-type transition.16,17

The luminescence properties of Pb2+ ions are strongly dependent on
the host lattice and are markedly sensitive to the environment for its
s2 outer electron configuration.18-21

Over the past decades, many attempts have been made to under-
stand the A, B, and C bands. In 1951, quantitative approaches to
determine them were taken by Williams on the basis of the ionic
model.22 Later, Knox and Dexter suggested that a purely ionic de-
scription of the luminescence center was erroneous and that modi-
fications would have to be made to obtain more accurate results.23,24

Subsequently, Sugano proposed the use of the molecular orbital in
the Seitz model to explain the A, B, and C absorption bands. Starting
from the framework, the right value for the ratio of the C-band
dipole strength to the A-band dipole strength was obtained.25 Bra-
manti and Mancini noticed that the Sugano formula is independent
of the representation and can also be derived using a vacancy-
centered model.26 So, a semiempirical molecular orbital calculation
was developed for describing the energy levels by them. They de-
scribed the positions of the A, B, and C bands by three parameters:
Wo, G, and �. The quantity Wo is the energy difference between the
first excited state and the ground state, whereas G and � are the
exchange and spin-orbit energies, respectively. This approach is con-
ceptually more satisfactory than the ionic one. Fujita investigated
the polarized absorption bands of KH2PO4:Tl+ and RbH2PO4:Tl+.
The observed A, B, and C bands are qualitatively explained by tak-
ing into account the spin-orbit, crystal field, and electronic
vibrations.27 The theoretical models we mentioned above could be
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used to illustrate the A, B, and C absorption bands of s2 ions in
different hosts when the observed A, B, and C band positions were
known. Unfortunately, none of these models could be used to predict
the positions of the A, B, and C bands without the experimental data.
To the best of our knowledge, the relationships between the band
positions and the host lattice are still poorly understood.

The aim of this work is to study how the positions of the A, B,
and C bands are related to the crystalline environment. Once the
trends are firmly established, not only qualitatively but also quanti-
tatively, they can help us to better understand the energy levels of
Pb2+ in different host lattices, and the positions of the A, B, and C
bands for a divalent lead in the uninvestigated materials can be
predicted. Moreover, a better understanding of the energy levels of
Pb2+ in different host lattices is helpful and useful in the search for
new phosphors. Considering the fact that the energies of these bands
depend on the sites occupied by Pb2+, the ligands, and the crystal
structures of the host lattices,1 it is thought that the most effective
method for the study of the quantitative relationships between the A,
B, and C bands and the structure of the host lattices is the constitu-
ent chemical bonds of crystal materials. In the present paper, fluo-
ride crystals doped with lead�II� were chosen to investigate relation-
ships between the three bands and the crystalline environment
because fluorides are well suited for the study of spectroscopic
properties.28 The experimental data of the A, B, and C bands for
lead�II�-doped fluoride compounds were collected.

In this paper, according to the experimental data6,7,10 and dielec-
tric chemical bond theory,29-31 major factors of the environment in-
fluencing the positions of the A, B, and C bands are given to be the
chemical bond volume polarizability, fractional covalence of the
chemical bond, and presented charge of the nearest anion in the
chemical bonds. The empirical expression between the band ener-
gies of Pb2+ and these three chemical bond parameters was obtained.

Theoretical Methods

The dielectric theory of the chemical bond for complex crystals
is based on the theory developed by Phillips and Van Vechten.32,33

The detailed theoretical method can be found elsewhere.29-31 In this
paper, only a brief description is given. According to this theory, a
complex crystal EeF fGgHh �crystal molecular formula� can be writ-
ten as a linear combination of the subformula of various binary
crystals when the crystal structure is known. The subformula of any
kind of chemical bond E–F can be written as
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N�F − E�e
NCE

E
N�E − F�f

NCF
F �1�

where E, F, G, and H represent the different constituents or different
sites of the same element in the crystal formula, and e, f , g, and h
represent the number of the corresponding elements. N�I–J� is the
number of I ions in the coordination group of a J ion. NCE and NCF
are the nearest-coordination numbers for each element in the crystal.
Therefore, in a subformula equation of a complex crystal, the charge
Q presented by each coordination anion can be obtained from the
valence conservation and electric neutrality of the subformula.

Having listed the subformula equation of a complex crystal and
given the charge presented by each ion, we can obtain the effective
number of valence electrons of each ion

�ZE
��� = ZE

�qE
� �2�

where ZE
� is the number of valence electrons of the E ion and qE

� is
the effective charge of each valence electron of each E ion. The
effective valence election density associated with the bond � is

�Ne
��� = �ne

���/vb
� �3�

�ne
��� = �ZE

���/NCE
� + �ZF

���/NCF
� �4�

vb
� = �d��3/�

v

�d��3Nb
v �5�

where �ne
��� is the effective number of valence electrons per � bond,

vb
� is the bond volume, d� is the nearest-neighboring distance �in

angstroms� and the denominator is merely the required normaliza-
tion factor, and the sum over v runs over all of the different types of
bonds. Nb

v is the number of bonds of type v in per cubic centimeters.
The average energy gap Eg

� for every � bond can be separated into
homopolar gaps Eh

� and heteropolar C� parts

�Eg
��2 = �Eh

��2 + �C��2 �6�

Eh
� = 39.74/�d��2.48 �7�

C� = 14.4b� exp�− ks
�ro

����ZA
���/ro

� − w�ZB
��/ro

�� �8�

with

ro
� = d�/2 �9�
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Figure 1. Energy level scheme of a free s2 ion.
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� = �4kF

�/�aB�1/2 kF
� = �3�2�Ne
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Here, w is the number ratio of two elements F and E in the subfor-
mula, ks

� is the Thomas–Fermi screening factor, aB is the Bohr ra-
dius, and b� is a correction factor depending on the crystal structure.
The fractional ionicity f i

� and covalence fc
� of the individual bond

can be determined as

f i
� = �C��2/�Eg

��2 fc
� = �Eh

��2/�Eg
��2 �11�

According to the Lorentz formula

��� − 1�/��� + 2� = 4��o
�/3 �12�

The polarizability coefficient of the � bond, �o
�, can be obtained;

this denotes the polarizability of the � bond per cubic angstrom. The
polarizability of the type-� bond volume can be written as

�b
� = �b

��o
� �13�

If the crystal structure and the refractive index �n� are known, the
bond volume polarizability ��i�, the fractional covalence fc�i� of the
chemical bond between the central ion and the nearest anion num-
bered i, and the presented charge Q�i� of the nearest anions can be
calculated by the method mentioned above. The environmental fac-
tor designated by the symbol he

34 can be expressed as

he = �� fc�i���i�Q�i�2�1/2
�14�

Results and Discussion

Due to the high optical quality of crystals and their wide trans-
mission range, fluorides are well suited for the study of spectro-
scopic properties. They have brought a major contribution to the
knowledge of luminescence processes.28 In addition, the experimen-
tal data of the A, B, and C bands for Pb2+-doped fluoride compounds
are very complete compared with other hosts.6,7,10 First, we summa-
rize the experimental data of the Pb2+-doped fluoride compounds
�see Table I�. Next, using the dielectric theory of the chemical bond
for complex crystals, we calculate the chemical bond parameters and
environmental factors for the corresponding compounds. The calcu-
lated values of the environmental factors he are compiled in Table I
�column 4�. Column 2 shows the refractive index n of the crystals.

Figure 2 plots the peak positions of the A, B, and C bands of
Pb2+ against the environmental factor of fluoride crystals. All of the
EA, EB, and EC decrease with the increase in he. Three empirical
formulas were obtained by fitting the curves and can be written as

Pb2+ A band:EA = 54,918 − 14,225 � he �15�

Pb2+ B band:EB = 66,567 − 16,730 � he �16�

Pb2+ C band:EC = 73,789 − 24,331 � he �17�

By using expressions 15-17, EA, EB, and EC of Pb2+ ions were
calculated and are listed in Table I �columns 6, 9, and 12�. Columns
7, 10, and 13 provide the error ratio ��error�, which was calculated
from the experimental and calculated results, �error = �Eexp
− Ecal�/Eexp. The results indicated that the calculated values excel-
lently agree with the experimental data. In most cases, the error ratio
is less than 1%. Compared with the experimental data, the maximum
error of the calculated results was 2473 cm−1 of the C band for
BaY2F8:Pb2+; the error ratio was only 3.68%. In addition, the A and
B bands are almost two parallel lines �see Fig. 2�, their slopes are
	14,225 and 	16,730, respectively, but the C band shows a closing
tendency to the B band; its slope is 	24,331. This means that the
sensitivity of the A and B bands to the environment of the host is
very similar; the C band is the most sensitive energy level compared
with the A and B bands. For example, in KMgF3 crystal, which has
a minimum environmental factor he = 0.081 �K+ site�, the positions
of the A, B, and C bands are 187 nm �53,476 cm−1�, 157 nm
�64,935 cm−1�, and 138 nm �72,464 cm−1�, respectively. In YF ,
3
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he = 0.455; the positions of the A, B, and C bands of Pb2+ are 210
nm �47,619 cm−1�, 170 nm �58,824 cm−1�, and 167 nm
�61,728 cm−1�, respectively. The energy level decrease ��EA, �EB,
and �EC� of these bands from KMgF3 �K+ site� to YF3 are 5857,
6111, and 10,736 cm−1, respectively. Moreover, for KMgF3:Pb2+,
the distance of the A and B bands EB-A is 11,459 cm−1 and the B
and C bands EC-B is 7529 cm−1; in YF3:Pb2+, the EB-A is
11,204 cm−1 and the EC-B is 2905 cm−1. The distance of the B and
C bands obviously become smaller with an increase in he. This
means that the position of the C band would be very close to the B
band of Pb2+ if they could be observed in some Pb+2-doped oxide
and silicate crystals because the he of these crystals are larger than
fluoride compounds according to the previous work of our
group.31,35 Furthermore, according to our model, when the he is
larger than 0.96, the predicted position of the B band would exceed
that of the C bands. So, it is assumed that in the host where he is
larger than 0.96, there may be only one band that could be observed
in the B and C band regions of Pb2+. BaSi2O5:Pb2+ was chosen to
confirm our assumption in the Applications section.

Applications

The applications of our model in the prediction, assignment, and
reassignment of A, B, C, and D band positions of Pb2+ in complex
crystals are discussed in this section.

Table I. Experimental and calculated sp-level energies of Pb2+ in flu

Crystals n Bond he EA,exp
a EA,cal

�-PbF2 2.000b Pb–F 0.640 45,973 45,814

-PbF2 1.761 Pb–F 0.642 45,893 45,786
CaF2 1.425 Ca–F 0.361 49,038 49,783
SrF2 1.432 Sr–F 0.374 49,199 49,598
BaF2 1.466 Ba–F 0.413 49,361 49,043
YF3 1.559 Y–F 0.455 47,619 48,446
LaF3 1.590 La–F 0.393 50,000 49,328
LiBaF3 1.544 Ba–F 0.163 52,356 52,599
KMgF3 1.428 K–F 0.081 53,476 53,766

Mg–F 0.514 47,606
BaY2F8 1.498 Ba–F 0.376 50,000 49,569

Y–F 0.159 53,476 52,656

a References 6, 7, and 10; n: index of refraction; Eexp: experimental data of
and �error: error ratio, �error = �Eexp − Ecal�/Eexp.

b The refractive index data n of �-PbF2 are not available in literature and
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Figure 2. The relations between the sp-level energies of Pb2+ and the envi-
ronmental factors h .
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Prediction, assignment, and reassignment of A, B, and C band
positions.— One of the important applications of our model is to
predict and assign the energy EA, EB, and EC of Pb2+ in different
crystals. Hereafter, we take the fluoride crystal LiCaAlF6:Pb2+ and
silicate BaSi2O5:Pb2+ as examples to demonstrate our model. The
crystal structures of LiCaAlF6 and BaSi2O5 were reported in

detail.36,37 LiCaAlF6 is trigonal space group P3̄1, and all metal ions
are octahedrally coordinated by six fluoride ions.36 Due to the simi-
lar size of Ca2+ �1.0 Å� and Pb2+ �1.19 Å� ions, compared to Li+

�0.76 Å� and Al3+ �0.535 Å� ones,38 the Pb2+ occupies the Ca2+ sites
of the host lattice. The structure of BaSi2O5 is orthorhombic space
group Pcmn; it is characterized by having SiO4 tetrahedral, and each
Ba ion is surrounded by seven oxygen ions.37

According to the previous model mentioned, we can decompose
LiCaAlF6 and BaSi2O5 into their subformula equations as

LiCaAlF6 = CaF2 + AlF2 + LiF2

BaSi2O5 = BaSi2O�1�O�2�2O�3�2 = Ba1/5O�1�1/3 + Ba2/5O�2�2/3

+ Ba2/5O�3� + Si1/2O�1�2/3 + SiO�2�4/3 + Si1/2O�3�

Using the known refractive indexes n of LiCaAlF6 �n = 1.387� and
BaSi2O5 �n = 1.613�,39 the detailed bond parameters and he of each
type of bond were calculated. The results of he are presented in
Table II. Based on Eq. 15-17, EA, EB, and EC of LiCaAlF6:Pb2+ and
BaSi2O5:Pb2+ were calculated and are listed in Table II �columns 8,
9, and 10�.

In LiCaAlF6:Pb2+, the calculated values of the A, B, and C bands
are 50,522 cm−1 �197.9 nm�, 61,397 cm−1 �162.9 nm�, and
66,271 cm−1 �150.9 nm�, respectively. The experimental data are
192 nm �52,083 cm−1, A1� with the shoulder at 200 nm
�50,000 cm−1, A2� at room temperature,2 and the corresponding av-
erage value �51,042 cm−1� is listed in column 5 of Table II. It can
be seen that the theoretical value �50,522 cm−1� agrees well with
the experimental data �51,042 cm−1�. The error ratio is only 1.02%.
But, the absorption spectrum below 180 nm has not been studied;
according to our model, the predicted positions of the B and C bands
are 162.9 nm �61,397 cm−1� and 150.9 nm �66,271 cm−1�, respec-
tively.

As for BaSi2O5:Pb2+, the calculated values of the A, B, and C
bands are 35,956 cm−1 �278.1 nm�, 44,266 cm−1 �225.9 nm�, and
41,356 cm−1 �241.8 nm�, respectively. It is shown that the calcu-
lated and experimental spectra or the sp energy levels of Pb2+ have
similar regions, which are 225–280 and 220–280 nm,4,40 respec-
tively. The calculated value of the C band is lower than the B band.
According to the Results and Discussion section, we suggested that

and environmental factors he.

or
EB,exp

a EB,cal

�B,error
�%� EC,exp

a EC,cal

�C,error
�%�

5
3
2 60,606 60,527 0.13 64,927 65,006 	0.12
1 60,606 60,310 0.49 64,846 64,689 0.24
4 60,491 59,658 1.38 64,121 63,740 0.59
4 58,824 58,955 	0.22 61,728 62,718 	1.60
4 62,893 64,227 	2.12
6 64,113 63,840 0.43 70,922 69,823 1.55
4 64,935 65,212 	0.43 72,464 71,818 0.89

6 59,010 60,277 	2.15 67,114 64,641 3.68
3 64,103 63,907 0.31 67,568 69,920 	3.48

and C bands �cm−1�; Ecal: calculated values of A, B, and C bands �cm−1�;

timated from the isostructural compounds: PbX2 �X = Cl, Br, I�.
orides
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�%�
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only the C band could be observed for BaSi2O5:Pb2+ in the 220–280
nm region. In Ref. 4 and 40, the excitation spectrum in the region of
220–280 nm exhibits only one broad band with a peak near 245 nm.
The observed data �245 nm� are very close to the calculated value of
the C band �243.2 nm�. This band was assigned to the 1S0 → 1P1
transition �C band� according to our model, which is consistent with
literature assignment.4,40 Equations 15-17 demonstrate an excellent
predictive power.

For LiBaF3:Pb2+, the predicted values of the B and C bands are
63,840 cm−1 �156.6 nm� and 69,823 cm−1 �143.2 nm�, respec-
tively. �see Table I�. However, the observed bands at 158, 154, and
141 nm were assigned to the B, C, and D bands, respectively.6 The
distances of 154 and 158 nm as well as 141 and 154 nm are 1644
and 5987 cm−1, respectively. According to Ref. 12 and 41, the peak
separations of the B band �EB1 − EB2� for KCl:Sn2+ and KCl:In+ are
1129 and 565 cm−1, respectively; the distances of the B and C
bands of KCl:Sn2+, KCl:In+, and KCl:Tl+ are 3726, 6130, and
3388 cm−1, respectively. Thus, from the above fact, the 158, 154,
and 141 nm bands are reassigned to the B1, B2, and C bands of
Pb2+, respectively. The calculated values excellently agree with the
reassigned bands.

Clarify the site occupation.— Another important application of
our model is to clarify the site occupation of Pb2+ when Pb2+ occu-
pies more than one different site in the lead�II�-doped complex. For
the past decades, much work has been focused on the host lattice
dependence of the luminescence of s2 ions.6,42-44 Compared to the
experimental effort, theoretical studies of the site selective spectrum
were very limited, and the spectrum assignments were rather tenta-
tive. Here, we chose BaY2F8:Pb2+ and KMgF3:Pb2+ as examples to
demonstrate the application of our model. BaY2F8 has a monoclinic
crystalline structure with C2h

3 �C2/m�, Z = 2 space group.45 The re-
ticular constants are a = 6.935 Å, b = 10.457 Å, and c
= 4.243 Å, with angle � = 99.7° between the a-axis and the c-axis.
The primitive cell contains two BaY2F8 molecules. The Ba2+ and
Y3+ ions lattice sites are surrounded by 12 and 8 F− anions, respec-
tively. Spectroscopic analysis shows that there are two sites �sites I
and II� for Pb2+ in BaY2F8:Pb2+.6 The positions of the excitation
bands are at a high energy in site I compared to those in site II. The
experimental data of the excitation bands are listed in Table I �col-
umns 5, 8, and 11�. The spectral behavior of the bands does not
depend on the Pb2+ concentration. However, these two sites have not
yet been identified. The ionic radii of Ba2+, Y3+, and Pb2+ ions are
listed in Table III. The ionic radius difference of Pb2+ and Ba2+ is
�rPb–Ba = 0.12; that of Pb2+ and Y3+ is �rPb–Y = 0.271. It can be
seen that both the �rPb–Ba and �rPb–Y are very small, so it is natural
to consider that Pb2+ enters substitutionally into the Ba2+ and Y3+

sites. Obviously that the two different sites �sites I and II� could be
assigned to Ba2+ and Y3+ sites. Unfortunately, research on
BaY2F8:Pb2+ was not developed in depth; their definite assignments
are still unknown. However, on the basis of the crystal structure
data,45 BaY2F8 can be decomposed into a linear combination of the
subformula of various binaries. The calculated values of the envi-
ronmental factors of Ba2+ and Y3+ sites are 0.376 and 0.159, respec-
tively, according to the dielectric theory of the chemical bond for

Table II. Experimental and calculated sp-level energies of LiCaAlF6

Crystals n Bond he EA,exp

LiCaAlF6 1.387a Ca–F 0.309 51,042b

BaSi2O5 1.613a Ba–O 1.333

a The refractive index n of crystals from Ref. 39.
b The experimental values from Ref. 2 �cm−1�.
c The experimental values from Ref. 4 and 41 �cm−1�; �error = �Eexp − Ec

�error = �EC,exp − EC,cal�/EC,exp.
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complex crystals methods. Then, using Eq. 15-17, we predict that
the positions of the A, B, and C bands of Pb2+ in the Ba2+ site are
201.7 nm �49,569 cm−1�, 165.9 nm �60,277 cm−1�, and 154.7 nm
�64,641 cm−1�, respectively; the positions of the A, B, and C bands
of Pb2+ in the Y3+ site are 189.9 nm �5265 cm−1�, 156.5 nm
�63,907 cm−1�, and 143.0 nm �69,920 cm−1�, respectively. There-
fore, we concluded that the excitation band �A� at 200 nm of Pb2+ in
site II is from the Ba2+ site, and the bands �A, B, and C� at 187, 156,
and 148 nm in site I are from the Y3+ site. It can be seen that the
calculated values excellently agree with the experimental data. The
observed bands at 172, 167, and 149 nm in site II were assigned to
the B, C, and D bands, respectively.6 The predicted position for the
B band �165.9 nm� in the Ba2+ site is very close to that of the B and
C bands reported in Ref. 6; however, the predicted position for the C
band �154.7 nm� is close to that of the D band. Compared with the
same situation of LiBaF3:Pb2+, which was mentioned above, the
172, 167, and 149 nm in site II are reassigned to the B1, B2, and C
bands of Pb2+ in the Ba2+ site, respectively.

The luminescence characteristics of KMgF3:Pb2+ were exten-
sively investigated in the last three decades.8,9,46 In the absorption
spectrum, a band peak at 187 nm was observed by different
authors.6,8 But, the assignment of this band by different groups is
very contradictory. It was attributed to the 1S0 → 3P1 �A band� tran-
sition in the K+ site by Babin et al.6 and to the 1S0 → 3P2 �B band�
transition in the Mg2+ site by Missori and Scacco.8 KMgF3 has the
cubic perovskite structure.47 In this perovskite, the K+ ion is in the
cubic 12 coordination of F−, whereas Mg2+ is octahedrally coordi-
nated by F−. The ion radii of K+, Mg2+, and Pb2+ are listed in Table
III. As the ion radii of Mg2+ �0.72 Å, VI� and Pb2+ �1.19 Å, VI� are
dramatically different, it is difficult for the Pb2+ to substitute for the
Mg2+ ion. So, it is natural to think that the one possible site available
for incorporating Pb2+ �1.49 Å, XII� in the KMgF3 lattices is the K+

sites �1.64 Å, XII�. To clarify the site occupation of Pb2+ in the
KMgF3 crystal, the environmental factors of the K+ and Mg2+ sites
were calculated �see Table I�. Using Eq. 15 and 16, the predicted
positions of Pb2+ in the K+ and Mg2+ sites are EA,K
= 53,766 cm−1 �186.0 nm�, EA,Mg = 47,606 cm−1 �210.1 nm�,
EB,K = 65,212 cm−1 �153.3 nm�, and EB,Mg = 57,968 cm−1 �172.5
nm�. The calculated value EA,K = 53,766 cm−1 �186.0 nm� agrees
well with the experimental data, 187 nm �53,476 cm−1�. The results

and BaSi2O5:Pb2+.

xp EC,exp EA,cal EB,cal EC,cal

�error
�%�

50,522 61,397 66,271 1.02
40,816c 35,956 44,266 41,356 	1.32

p: for LiCaAlF6:Pb2+, �error = �EA,exp − EA,cal�/EA,exp; for BaSi2O5:Pb2+,

Table III. Ionic radius (Å)a for some cations.

Ion VIb VIIIb XIIb

Pb2+ 1.19 1.29 1.49
Ba2+ 1.61
Y3+ 1.019
K+ 1.64
Mg2+ 0.72 0.89

a Reference 38.
b These numbers represent the coordination numbers of the cations.
:Pb2+

EB,e

al�/Eex
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confirm that the Pb2+ impurity substitutionally replaces the K+ ion
and not Mg2+ in the KMgF3 lattice. If Pb2+ ions occupy the Mg2+

sites, the position of the A band should be at 210.1 nm according to
our model. This hypothesis is confirmed from the absorption spec-
trum where a weak absorption band at 218 nm was observed by
Horsch et al.,9 which can be ascribed to the 1S0 → 3P1 �A band�
transition of Pb2+ in the Mg2+ site according to our model.

Conclusions

We investigated the relationships between the positions of the A,
B, and C bands for Pb2+ and the crystalline environment based on
the dielectric theory of the chemical bond for complex crystals to
obtain a useful tool to correctly predict and assign the site occupa-
tions and the energy levels of Pb2+-doped compounds. The calcu-
lated results indicate that the chemical bond volume polarizability,
the fractional covalency of the chemical bond between the central
ion and the nearest anion, and the charge presented by the nearest
anion are the three microcosmic factors that determine the energies
of the A, B, and C bands. An additional factor that contains these
three factors was defined as the environmental factor �he�. Our
method has successfully built links between the EA, EB, and EC of
Pb2+ and the environmental factor he. It is shown that the EA, EB,
and EC of Pb2+ all decrease with an increase in he. The theoretical
results are in excellent agreement with the experimental values. A
semiempirical model to predict and assign the site occupation and
sp-level energies of Pb2+ in fluoride crystals was obtained. Applied
to fluoride crystal LiCaAlF6:Pb2+ and silicate BaSi2O5:Pb2+, the
predictions are compared with the experimental data. The agreement
is satisfactory, and it is shown that our semiempirical model can also
be applied to complex fluorides and silicates. Most importantly, the
site occupations of Pb2+ in the BaY2F8 and KMgF3 crystals were
clarified by our model. In BaY2F8:Pb2+, the higher EA, EB, and EC
originate from the site of Y3+, and the lower ones originate from the
site of Ba2+. In addition, the bands at 172, 167, and 149 nm in site
II are reassigned to the B1, B2, and C bands of Pb2+ in the Ba2+ site,
respectively. For LiBaF3:Pb2+, the 158, 154, and 141 nm bands are
reassigned to the B1, B2, and C bands of Pb2+, respectively. As for
KMgF3:Pb2+, we concluded that the absorption bands at 187 and
218 nm were attributed to the 1S0 → 3P1 �A band� transition of Pb2+

in the K+ and Mg2+ sites, respectively. The positions of the sp en-
ergy levels of Pb2+ in fluoride crystals are usually in the vacuum
ultraviolet �VUV� region; therefore, our work is significant for the
theoretical study of VUV phosphors, which has become a research
hotspot.
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