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Transition mechanisms and spectral shapes of the5D0-7F 0 line of Eu3¿ and Sm2¿ in solids
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The results of recentab initio calculations performed by Smentek and Hess for severalf -f transitions of
Eu31 in a host ofC2v symmetry are compared with experimental data, and dominant mechanisms of the
@5D#0-@7F#0 , @5D#0-@7F#1 and @5D#1-@7F#0 optical transitions of Eu31 and Sm21 ions are discussed. It is
shown that the processes that were treated in theab initio calculation make only very small contributions in
these transitions in actual systems. The difference in the spectral shape of the@5D#0-@7F#0 line between Eu31

and Sm21 in glass is explained on the basis of the different dependence of the transition energy on the value
of the crystal-field parameterB20.
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I. INTRODUCTION

It is well known that most of the narrow spectral lines d
to the optical transitions between the states of the 4f N con-
figuration of lanthanide ions in condensed matter are
plained by the Judd-Ofelt theory.1,2 In this theory, the
electric-dipole transitions permitted by the odd-parity co
ponents of the crystal-field potential at the lanthanide ion
are treated by adopting the closure approximation. Then,
found that the transition strength between the states 4f NC
and 4f NC8 is proportional to

(
l52,4,6

Vlu^4 f NC8iU (l)i4 f NC&u2, ~1!

whereU (l) are unit tensor operators, whileVl are so-called
Judd-Ofelt parameters that depend on both host mate
and lanthanide ions.

Since the spin-orbit interaction plays a significant role
lanthanide ions, let us use the intermediate coupling sch
and express a free-ion state as@2S11L#J . It should be noted
that S and L are not good quantum numbers. For examp
the@5D#J state of the Eu31 ion contains considerable amou
of the 7FJ component in addition to the5DJ components.3

When a lanthanide ion is placed in a host matrix, we m
take into account the effects of the crystalline field acting
the lanthanide ion, although it is a good approximation
express a state by the free-ion wave function because t
effects are small. The odd-parity terms of the crystal-fi
potential mix the higher 4f N21nd and 4f N21ng states into
4 f N states, thus partially allowing the electric-dipole tran
tions between two 4f N states. As mentioned above, this pr
cess was theoretically treated by Judd1 and Ofelt.2

Another important effect of the crystalline field is to m
two 4f N states with differentJ values, which is calledJ
mixing. In the Judd-Ofelt theory, this effect is not taken in
account. Hence,J is a good quantum number, and we obta
the selection rule as
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uJ2J8u<l<uJ1J8u. ~2!

This means that theJ50-J50, 0-1, 0-3, and 0-5 transition
are forbidden. In actual systems, however, spectral lines
to the transitions that violate the above condition~2! are
sometimes observed. Typical examples are the@5D#0-@7F#0 ,
@5D#0-@7F#1 , @5D#1-@7F#0 , @5D#0-@7F#3 and @5D#3-@7F#0
lines due to the transitions within the 4f 6 configuration of
Eu31 and Sm21 ions in several host materials. The mech
nisms to allow these transitions have been discussed by
eral investigators.4–12

Recently, Smentek and Hess13 reported anab initio calcu-
lation of the @5D#0-@7F#0 , @5D#1- @7F#0 , @5D#1-@7F#1 ,
@5D#0-@7F#2 , @5D#0-@7F#4, and@5D#2- @7F#0 transition am-
plitudes of the Eu31 ion in hosts withC2v symmetry. The
approach adopted is based on the second-order Judd-
theory modified by the third-order terms caused by the e
tron correlation effects among the 4f electrons of the lan-
thanide ion. They found that the matrix elements of tw
particle effective operators, which represent electr
correlation effects, determine the@5D#0-@7F#0 transition am-
plitude. For the@5D#1- @7F#0 and @5D#1-@7F#1 transitions,
they employed the formulation that is based on the sa
physical model as the Judd-Ofelt theory but uses the velo
form of the electric-dipole interaction operator. From the n
merical analyses, these authors obtained several result
cluding the ratios of the transition amplitudes among
@5D#0-@7F#0 , @5D#1-@7F#0 and @5D#1-@7F#1 transitions.

The purpose of this paper is to compare these results
experiments, and to discuss the dominant mechanisms o
0-0 and 0-1 transitions of Eu31 and Sm21 ions in solids. We
show that the contribution of the processes dealt with
Smentek and Hess13 is negligibly small in actual systems
The asymmetric and nearly Gaussian spectral shapes o
@5D#0-@7F#0 lines of Eu31 and Sm21 in glass are discusse
by taking into account the dependence of the transition
ergy on the axial second-rank crystal-field parameterB20 as
well as the transition mechanism and the broad distribut
of the value ofB20.
©2002 The American Physical Society18-1
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II. OPTICAL SPECTRA OF Eu 3¿ AND Sm2¿ IONS IN
OXIDE GLASS

As an example of the optical spectra of Eu31 and Sm21

ions in solids, we show the fluorescence and excitation sp
tra of these ions in oxide glass samples in Figs. 1 and 2.
@5D#0-@7F#0 , @5D#0-@7F#1, and @5D#0-@7F#3 lines that are
forbidden by the Judd-Ofelt theory are clearly observed
the fluorescence spectra. We notice that the intensity r
between the@5D#0-@7F#0 and @5D#0-@7F#1 lines is much
higher in Sm21 compared with Eu31. The excitation spectra
which are considered to be almost the same as the absor
spectra, are quite different between the two samples
Sm21-doped glass, the excitation band corresponding to
parity-allowed transition from the ground state to the 4f 55d
states begins just above the@7F#02@5D#0 line. In
Eu31-doped glass, on the other hand, only the narrow li
due to the f -f transition of Eu31 are observed up to
;30 000 cm21. In this sample, the 4f 55d states lie above
the charge-transfer states, and the excitation band co
sponding to the transition to the charge-transfer state is
served around 40 000 cm21. In the following sections, we
discuss the mechanisms of the 0-0 and 0-1 transitions and
spectral shape of the@7F#0- @5D#0 line of Eu31 and Sm21

ions.

III. THE 0-1 TRANSITION MECHANISM

First, let us consider the@5D#0-@7F#1 and @5D#1-@7F#0
transitions of the Eu31 ion. It is well known that these 0-1
transitions are magnetic-dipole allowed. The magnetic-dip
transition between two states of the 4f N configuration is par-

FIG. 1. Fluorescence spectra of~a! ~80%! B2O3 and ~20%!
Na2O glass containing 1 mole % of Eu31 ions, and~b! ~85%! B2O3,
~10%! Na2O, and~5%! Al2O3 glass containing 1 mole %, of Sm21

ions at room temperature. The 322-nm light from a xenon lamp
passed through a monochromator~full width at half maximum: 6
nm! and used for the excitation.
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ity allowed, and theJ-selection rule is expressed, in
magnetic-dipole transition, as

DJ50,61 ~except for J50-J50!. ~3!

Therefore, it is probable that the@5D#0-@7F#1 and
@5D#1-@7F#0 transitions of Eu31 are mainly due to magnetic
dipole transitions. When the Eu31 ion is at a site having
inversion symmetry, the@5D#0-@7F#2 transition is very weak
in the fluorescence spectrum, while the intensity of t
@5D#0-@7F#1 transition is comparable to that in the case
the Eu site of no inversion symmetry.6 This indicates that the
former transition is electric dipole in character, while th
latter is magnetic dipole. Further, for the Eu31 ions in
Ca(PO3)2 glass, experiments on the polarization correlati
between the excitation and fluorescence revealed that
@5D#0-@7F#1 and @5D#1-@7F#0 lines are due to magnetic
dipole transitions, while the@5D#0-@7F#0 and @5D#1-@7F#1
lines are due to electric-dipole transitions.11,14 Polarization
experiments to show similar results were also reported
the EuAlO3 crystal.8 Moreover, the strengths of th
@7F#0-@5D#1 and @5D#0-@7F#1 transitions of Eu31 in Y2O3
and YAlO3 calculated under the assumption of the magne
dipole transition were reported to be in good agreement w
experiments.15,16Thus, it is considered to be established th
the @5D#1-@7F#0 and @5D#0-@7F#1 transitions of Eu31 in
various host materials are predominantly magnetic dipo
Therefore, we conclude that the electric-dipole transit
dealt with by Smentek and Hess13 in their ab initio calcula-
tion makes only a very small contribution in the@5D#1-@7F#0
and @5D#0-@7F#1 transitions of Eu31.

s

FIG. 2. Excitation spectra of~a! ~80%! B2O3 and ~20%! Na2O
glass containing 1 mole % of Eu31 ions, and~b! ~85%! B2O3,
~10%! Na2O, and~5%! Al2O3 glass containing 1 mole % of Sm21

ions at room temperature. The intensities of the@5D#0-@7F#2 fluo-
rescence of~a! Eu31 and~b! Sm21 ions were monitored. The dotte
lines denote the positions of the@5D#0-@7F#0 line.
8-2
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IV. THE 0-0 TRANSITION MECHANISM

A. Comparison of the results ofab initio calculation with
experimental data

The @5D#0-@7F#0 line, which is strictly forbidden in free
ions, is observed for Eu31 and Sm21 ions in several matri-
ces. Smentek and Hess13 treated it as the electric-dipole tran
sition that becomes possible by the combination of the e
tron correlation effect and the linear crystal-field potenti
From the results of numerical calculations for Eu31 in a host
with C2v symmetry, they obtained the ratios of the transiti
amplitudes among the@5D#0-@7F#0 , @5D#1-@7F#0 and
@5D#1-@7F#1 transitions as follows:

T~@5D#1-@7F#0!/T~@5D#0-@7F#0!543,

T~@5D#1- @7F#1!/T~@5D#0- @7F#0!525,

T~@5D#1-@7F#1!/T~@5D#1- @7F#0!50.58.

These ratios are independent of the values of the crys
field parameters so long asB10 is nonzero, because all th
three transition amplitudes are proportional to the crys
field parameterB10. For the@5D#1-@7F#0 and @5D#1-@7F#1
transitions, they employed the alternative formulation of
second-order theory based on the velocity form of
electric-dipole interaction operator.

We can estimate the significance of the electric-dip
transitions treated in theseab initio calculations from the
above ratios. In the preceding section, we showed that
@5D#1-@7F#0 transition observed in actual systems are p
dominantly magnetic dipole in character, and the contri
tion of the electric-dipole process dealt with by Smentek a
Hess13 is very small in this transition. From the above rat
the amplitude of the@5D#1-@7F#1 transition is comparable to
that of the electric-dipole@5D#1-@7F#0 transition. Therefore,
we conclude that the@5D#1-@7F#1 transition that was consid
ered in theab initio calculation is very weak compared wit
the magnetic-dipole@5D#1-@7F#0 transition. The strength o
the@5D#1-@7F#1 transition of Eu31 in the site of no inversion
symmetry is usually comparable to that of the@5D#1-@7F#0
transition. Thus, the@5D#1-@7F#1 transition treated by
Smentek and Hess is concluded to be insignificant in ac
systems. Further, we can say that the@5D#0- @7F#0 transition
caused by the third-order terms due to the electron corr
tion effect is negligible, because, from the above ratio,
transition strength of this process is about 1/2000 of tha
the electric-dipole@5D#1-@7F#0 transition.

B. Probable mechanisms of the 0-0 line

Three probable mechanisms have been proposed fo
@5D#0-@7F#0 transition of Eu31 and Sm21 in the literature;
namely, ~i! the breakdown of the closure approximatio
adopted in the Judd-Ofelt theory,4,5,9 ~ii ! Wybourne-Downer
mechanism that involves spin-orbit linkages within excit
configurations,7,17,18 and ~iii ! borrowing of intensity from
other transitions byJ mixing.7,8,10–12These processes wer
not taken into account in theab initio calculation by
Smentek and Hess.13 The @5D#0-@7F#0 line due to the
19511
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mechanism~i! appears only when the crystal-field expansi
contains a linear term, and the breakdown of the clos
approximation is significant when the energy of the high
opposite-parity states to mix into 4f N states is low. In the
Eu31 ion, the charge-transfer state is known to lie at re
tively low energies.19 Hence, it is possible that the admixtur
of this state plays an essential role in the electric-dipolef -f
transitions of Eu31.9 However, as mentioned below, the co
tribution of the breakdown of the closure approximation
generally considered to be small.

In the excited-state spin-orbit interaction mechanism~ii !,
the 0-0 transition is allowed even if the closure approxim
tion is adopted.7,17A linear term of the crystal-field potentia
is again necessary for the@5D#0-@7F#0 transition by this
mechanism. It is known that the@5D#0-@7F#0 transition
strength is much larger in Sm21 compared with the isoelec
tronic Eu31 in various host matrices.20–22This is true also in
the case of glass hosts as seen in Fig. 1. It should be n
that the intensity of the@5D#0-@7F#1 fluorescence can be
used as a standard, because this is due to the allo
magnetic-dipole transition and accordingly its strength is
sensitive to the host material. Further, this strength is alm
the same for Eu31 and Sm21, because the wave functions o
the states concerned are almost the same in these ions
4 f 55d states of Sm21 are located much lower in energy tha
the charge-transfer states of Eu31 ~cf. Fig. 2!, and the energy
difference between the higher opposite-parity states and
4 f N states appears twice in the denominator of the transi
matrix element of the mechanism~ii !, while only once in the
case of~i!. Therefore, the above-mentioned fact is interpre
in terms that the mechanism~ii ! is dominant in the
@5D#0-@7F#0 transition of Sm21.21,22

The 0-3 and 0-5 transitions are forbidden by the Ju
Ofelt theory. Further, these transitions due to the Wybour
Downer mechanism are known to be very weak.18 Since the
@5D#0-@7F#3 transition is not much enhanced in Sm21 com-
pared with Eu31 in glass~cf. Fig. 1!, we consider that the
contribution of the breakdown of the closure approximati
in the Judd-Ofelt theory is not significant in these ion
Therefore, we infer that the mechanism~ii ! and/or~iii ! make
the dominant contribution in the 0-0 transition of Eu31 and
Sm21 in various host materials. It should be noted that t
linear term is not necessary in the crystal-field expansion
the mechanism~iii !.

The @5D#0-@7F#2 and@5D#0-@7F#4 transitions are allowed
by both Judd-Ofelt and Wybourne-Downer mechanisms.
these transitions, however, the enhancement due to the
ence of the 4f 55d states in the vicinity of the 4f 6 states
concerned with the transitions is not observed for the Sm21

ions in solids. This was identified as due to the destruct
interference between the contributions of the above t
mechanisms.22 In contradiction to the criticism of Smente
and Hess,13 no unknown parameters were obtained from
fitting procedure in deriving this conclusion. Smentek23 men-
tioned that our calculation22 taking into account only the
4 f 55d states of Sm21 as the excited states to mix into th
4 f 6 configuration states is not accurate and the contributi
of other excited states that are allowed by parity are
negligible. However, the fact that the 4f 55d states of Sm21
8-3
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are extremely low in energy compared with other exci
configuration states was not taken into account.

C. The 0-0 transition due toJ mixing in Eu3¿-doped glass

From the weak intensity of the@5D#0-@7F#3 transition of
Eu31 ions in various host materials, theJ-mixing effect has
been believed to be generally small. In the case of g
doped with Eu31, however, we found that this effect plays
dominant role in the@5D#0-@7F#0 transition.10–12 Glass
doped with Eu31 ions usually shows red fluorescence due
the transitions from the@5D#0 state to the lower@7F#J states.
Detailed studies of this fluorescence were carried out
Eu31-doped Ca(PO3)2 glass using a site-selective spectr
scopic technique.10,11,24It has been found from the polariza
tion experiment that the Eu site hasC2v or C2 point symme-
try in this glass.11 The broad line around 590 nm, which
asymmetric in shape with a longer tail in the high-ener
side, is assigned to the@5D#0-@7F#0 transition. The spectra
shape of this line is almost the same between the absorp
and fluorescence under broadband light excitation, and fl
rescence line narrowing is observed when the sample is
cited with monochromatic light in the energy region of th
line. This means that this line is inhomogeneously broade
because of the distribution of the crystal-field strength
glass.

From the energy splitting of the@7F#1 manifold deter-
mined from the laser-induced fluorescence spectra un
various excitation wavelengths, it was found that the value
the crystal-field parameterB20 has a broad distribution an
the spread of the energy difference between the@5D#0 and
@7F#0 states is determined by the spread of this value.10–12

We further found that the@5D#0-@7F#0 transition strength is
linearly dependent on the transition energy under s
selective excitation.10–12 This result is interpreted in term
that the@7F#0 state is pushed downwards by the mixing
the MJ50 level of the@7F#2 manifold into @7F#0 through
the axial second-rank crystal-field componentB20C0

(2)

5(4p/5)1/2B20Y20 (Y20 is the spherical harmonics!, while
the @5D#0-@7F#0 transition is partially allowed by the bor
rowing of intensity from the@5D#0-@7F#2 (MJ50) line
through the same mixing.10–12Because both the energy sh
and the transition strength of the@5D#0-@7F#0 line are lin-
early dependent onB20

2 , the linear correlation between th
transition strength and the energy position of this line can
explained.

This @5D#0-@7F#0 transition mechanism of Eu31 in
Ca(PO3)2 glass has been confirmed by the observation
the degree of linear polarization of fluorescence is as hig
0.5, as expected for the above mechanism, for the 0-0 r
nance fluorescence under linearly polarized lig
excitation,14 and also by the fact that the intensity ratio of t
@5D#0-@7F#0 to the @5D#0-@7F#2 transition is in good agree
ment with the ratio calculated using the value ofB20 ob-
tained from the splitting of the@7F#1 manifold.11,12 It has
also been shown that the mixing of the@7F#2 into @7F#0

through the second-rank crystal-field potentialVc
(2)

5(qB2qCq
(2) plays a dominant role in the vibronic spectra

the @5D#0-@7F#0 and@5D#1-@7F#0 transitions of Eu31 in ox-
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ide glasses.25 We also found that theJ mixing affects the
mean energy of the@7F#1 manifold11,12,21and also the homo-
geneous width of the@5D#0-@7F#0 line26 in Eu31 and Sm21

ions in glass. On the other hand, Schmidtet al.27 showed that
the nuclear quadrupole splitting of the@7F#0 state of Eu31 in
silicate glass increases linearly with the excitation energy
the @7F#0-@5D#0 absorption band. This can also be explain
by the crystal-field-induced mixing of@7F#2 into @7F#0.28

Wybourne7 mentioned that the excited-state spin-or
coupling mechanism~ii ! would be dominant for the 0-0 tran
sition of Sm21, while the J-mixing mechanism due to the
admixture of@7F#2 into @7F#0 would be dominant in the cas
of Eu31. Our experimental results on glass samples are
good agreement with these interpretations. However,
J-mixing mechanism is not always dominant for the 0-0 tra
sition of Eu31 in various hosts. For example, we found th
this mechanism is not important in the case of Eu31 in poly-
vinyl alcohol and Y2O2S crystal powder from the
@5D#0-@7F#0 to @5D#0-@7F#2 fluorescence intensity ratio an
the dependence of the 0-0 transition strength on the valu
B20.12 In these samples, the Wybourne-Downer mechan
is probably dominant.

In the ab initio calculation, Smentek and Hess13 found
that the expression for the@5D#0-@7F#0 transition amplitude
has the form that can be interpreted in terms of the borro
ing of intensity from other states through the Coulomb int
action operator. A numerical calculation showed that ma
excited states withJ52, 4, and 6 contribute to the borrow
ing. Therefore, these authors concluded that the schem
borrowing intensity is rather complex and it is impossible
distinguish a single term that is dominant. However, th
conclusion was obtained for the electric-dipole 0-0 transit
through the electron correlation effect, and as mention
above, various results clearly show that the mixing of t
@7F#2 (MJ50) state into@7F#0 contributes dominantly to
the @5D#0-@7F#0 transition in the case of Eu31-doped
Ca(PO3)2 glass.

Smentek and Hess13 mention that they do not compar
their results with the analysis of Kushida and his co-worke
because theirab initio results have been obtained for th
complete radial basis sets of one-electron functions, w
the excitations are limited at most to the first excited state
d andg symmetries in the latter analysis. This is not corre
In our model, the@5D#0-@7F#0 transition borrows intensity
from the @5D#0-@7F#2 transition. In this case, the excite
states that mix by the odd-parity crystal-field potential a
enable the electric-dipole@5D#0-@7F#2 transition are not lim-
ited to the 4f 55d and 4f 55g states, but higher states are al
included. Further, even the contribution of the charg
transfer states, which was not taken into account by Sme
and Hess, and also the contributions to explain the hyper
sitive enhancement of the@5D#0-@7F#2 line, such as due to
the ligand polarization29 are not excluded.

V. SPECTRAL SHAPE OF THE 0-0 LINE OF Eu 3¿ AND
Sm2¿ IN GLASS

The solid lines in Figs. 3 and 4 show the@5D#0-@7F#0
fluorescence spectra under the broadband light excitatio
8-4
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Eu31 and Sm21 ions in glass. We notice that the line shape
asymmetric in Eu31, while it is almost symmetric in Sm21.
The asymmetric spectral shape of the@5D#0-@7F#0 line is
often observed in Eu31-doped glass. In both cases of Figs.
and 4, the@5D#0-@7F#0 line is inhomogeneously broadene
and it is attributable to the distribution of the values of t
second-rank crystal-field parameters. The values ofB20 and
uB22u at various sites can be determined from the ene
separations among the three@5D#0-@7F#1 fluorescence lines
under site-selective excitation. It is known that the value
uB22u is almost insensitive to the 0-0 transition energy
these samples.11,22

Figure 5 shows the relation between the value ofB20 and
the transition energy of the 0-0 line for Eu31 in Ca(PO3)2
glass. As shown by a dashed line in Fig. 5, the 0-0 transi
energyE is expressed, as a function ofX[B20, as

E5aX21c. ~4!

If we assume that the energy of the@7F#0 state is affected
only by the mixing of@7F#2 due to the second-rank crysta
field potentialVc

(2) , while the energy of the@5D#0 state is
independent ofVc

(2) , a is calculated to be 4/75D20.11 With

FIG. 3. The @5D#0-@7F#0 fluorescence spectrum of Eu31 in
Ca(PO3)2 glass at 77 K excited by ultraviolet light from a deutriu
lamp ~Ref. 24!. The closed circles show the theoretical curve c
culated using Eqs.~5!, ~6! and ~7! with Xm52620 cm21 and s
5271 cm21.

FIG. 4. The @5D#0-@7F#0 fluorescence spectrum of Sm21 in
~28.2! AlF3- and ~12.2! HfF4-based glass that contains~8.3! YF3,
~3.5! MgF2, ~18.3! CaF2, ~13.1! SrF2, ~12.6! BaF2, and~3.8! NaF as
all concentrations expressed as modifiers~mole %! at 77 K. All
lines of an Ar1 ion laser were used for the excitation. The clos
circles show the theoretical curve calculated using Eqs.~5!, ~6! and
~7! with Xm52560 cm21 ands5141 cm21.
19511
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the energy differenceD205920 cm21 between the@7F#2
and@7F#0 states,11 this givesa55.831025 cm, which is in
fair agreement with the value obtained in Fig. 5. The sm
difference might be due to the mixing of other states such
even-parity charge-transfer states into@7F#0 through
Vc

(2) .9,24

In the case of Sm21-doped fluoride glass, on the othe
hand, it is not possible to express the energyE by Eq. ~4!,
and as seen in Fig. 6, it is necessary to use such an ex
sion as

E5a~X1b!21c. ~5!

The value ofa is negative andb is large, which disagree with
the expectation under the assumption that the energy of
@5D#0 state is independent ofVc

(2) . This might be due to the
presence of the 4f 55d states in the vicinity of@5D#0.

We calculated the@5D#0-@7F#0 fluorescence spectra usin
the following relation:

-

FIG. 5. The transition energy of the@5D#0- @7F#0 line versus
B20 for Eu31 in Ca(PO3)2 glass at 77 K. The closed circles sho
the data obtained from Fig. 1 of Ref. 24. The dashed line den
the curve calculated through Eq.~4! with a56.7531025 cm and
c517 248 cm21.

FIG. 6. The transition energy of the@5D#0-@7F#0 line versusB20

for Sm21 in ~28.2! AlF3- and~12.2! HfF4-based glass that contain
~8.3! YF3, ~3.5! MgF2, ~18.3! CaF2, ~13.1! SrF2, ~12.6! BaF2, and
~3.8! NaF at 77 K. The closed circles show the data obtained fr
Fig. 5 of Ref. 21. The dashed line denotes the curve calcula
through Eq.~5! with a521.2231024 cm, b51485 cm21, and
c514 793 cm21.
8-5
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F~E!5E EP~X!Zd@E2a~X1b!22c#dX, ~6!

where the distribution of the value ofX in glass was assume
to be a Gaussian as

P~X!5~2ps2!21/2exp@2~X2Xm!2/2s2#, ~7!

and lanthanide ions in various sites were assumed to be
formly excited. The homogeneous broadening of t
@5D#0-@7F#0 line was neglected because it is small. Furth
the site-to-site variation ofuB22u was not taken into accoun
for simplicity. We putZ5X2 andb50 for Eu31-doped glass
assuming the above-mentioned intensity-borrowing mec
nism. On the other hand, we putZ51 for Sm21-doped glass,
because the Wybourne-Downer mechanism is considere
be dominant. The closed circles in Figs. 3 and 4 show
spectra thus calculated. The agreement between the cal
tion and experiment is satisfactory in the case of Eu31 in
glass, while it is fair for Sm21. The origin of the discrepancy
in the latter is not clear. The fitting curve for Sm21 in glass
obtained usingZ5X2 was almost the same as that in Fig.
The discrepancy between the calculation and experimen
Fig. 4 may be explained by the divergence of the distribut
of the value ofB20 from a Gaussian, the nonuniform excita
tion of the lanthanide ions, and the temporal variation of
crystal-field strength in glass30 due to the large time differ-
ence between the measurements of the 0-0 lineshape an
n

id

B

ys

19511
i-

,

-

to
e
la-

in
n

e

the

data of Fig. 5 of Ref. 21. Anyway, from the results in Figs.
and 4, we see that the asymmetric 0-0 line shape of Eu31 and
nearly symmetric shape of Sm21 are explained well by tak-
ing into account the dependence of the transition energyE on
the value ofB20 and the broad distribution of this value.
has already been reported that this type of calculation rep
duces the 0-0 fluorescence line shape of Eu31 in glass.31 In
Ref. 24, on the other hand, the distribution of the value
uB22u was also taken into account in the fitting of the 0-0 lin
shape of Eu31 in glass. However, since the mean value
uB22u is almost insensitive to the 0-0 transition energy, t
essential point of the asymmetric spectral shape is rep
duced well by Eqs.~6! and ~7! as seen in Fig. 3.32

VI. SUMMARY

The electric-dipole @5D#0-@7F#0 , @5D#0-@7F#1, and
@5D#1-@7F#1 transitions of Eu31 ions treated in theab initio
calculation of Smentek and Hess13 have been shown to be
insignificant in actual systems. The dominant mechanism
the 0-0 and 0-1 transitions in Eu31 and Sm21 have been
discussed, and the significance of the intensity borrow
mechanism throughJ mixing for the @5D#0-@7F#0 transition
of Eu31 in glass has been emphasized. The different spec
shapes of the 0-0 line in Eu31 and Sm21 have been ex-
plained by taking into account the difference in the relati
between the transition energy and the value ofB20.
s.

tur-
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