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The strengths of the5D0-
7FJ (J50,2,4) optical transitions of the Sm21 ion in solids, which are due to the

forced electric dipole transition, are analyzed by taking into account not only the Judd-Ofelt mechanism but
also the excited-state spin-orbit interaction~Wybourne-Downer! mechanism. The fact that the5D0-

7F0 tran-
sition strength of the Sm21 ion is much larger than that of the isoelectronic Eu31 ion in various crystalline and
glassy matrices is ascribed to the resonance effect which results from the presence of the 4f 55d states of
Sm21 in the vicinity of the 4f 6 states concerned with the optical transition. However, such an enhancement of
the transition strength due to the energetic resonance between the 4f 6 and 4f 55d states is not observed in the
5D0-

7F2,4 transitions of Sm
21 in solids. This is identified as due to the interference between the Judd-Ofelt

and Wybourne-Downer mechanisms.

I. INTRODUCTION

Both of the Eu31 and Sm21 ions have the 4f 6 electron
configuration, and the lower electronic energy-level structure
is almost the same for these ions. However, the states of the
4 f 55d configuration of Sm21 are much closer in energy to
the 4f 6 states compared with the case of the Eu31 ion,1–6

and the energy of the lowest 4f 55d state of Sm21 in solids
is so low as to overlap with the5DJ states of the 4f

6 electron
configuration. We are interested in the effect of such a dif-
ference of the energy positions of the high-lying configura-
tion states of Eu31 and Sm21 on their f -f optical
transitions.7 In this paper, we analyze the strengths of the
5D0(4 f

6)- 7FJ(4 f
6) (J50,2,4) transitions of Sm21 in sol-

ids on the basis of both the Judd-Ofelt8,9 and Wybourne-
Downer theories10–12which were proposed to account for the
electric dipole f -f transition of the rare-earth ion. The dy-
namic coupling model13 has also been proposed as an addi-
tional mechanism for thef -f transitions which satisfy the
selection ruleuJ2J8u<t<J1J8 (t52,4,6), whereJ and
J8 denote the inner quantum numbers for the initial and final
states of the transition. However, since the transition matrix
element in the dynamic coupling model is independent of the
high-lying states of rare-earth ions, we do not consider the
contribution of this model.

In this analysis, we use the experimental data on the same
transitions of the isoelectronic Eu31 ion in solids as refer-
ences. The above transition strengths in Sm21 are shown to
be understood well by taking into account the small energy
separations between the 4f 6 and the 4f 55d states.

Most researchers have so far analyzed the optical spectra
due to thef -f transitions of the rare-earth ion in condensed
matter by means of only the Judd-Ofelt theory, and the
Wybourne-Downer mechanism, which occurs through the
spin-orbit interaction within the high-lying configuration
states, does not appear to spread widely. However, it is
shown in this paper that the Wybourne-Downer mechanism
makes important contributions to the5D0-

7FJ (J50,2,4)
transition strengths of Sm21 in solids.

II. THEORY

Let us consider the electric dipole transition between the
two 4f N states of a rare-earth ion in condensed matter. We
express the wave functions of these states under Russell-
Saunders approximation asua& and ub&. When the total spin
S is different by one unit between these states, as in the case
of the 5D0-

7FJ transitions of Sm
21 and Eu31, the transition

matrix element is given by the sum of the two terms due to
the Judd-Ofelt~JO! and Wybourne-Downer~WD! mecha-
nisms as follows:

T~a→b!5TJO~a→b!1TWD~a→b! ~1!

with

TJO~a→b!52(
m

H ^@b#uPum&^muVc
oddu@a#&

E~m!2E~@a# !

1
^@b#uVc

oddum&^muPu@a#&
E~m!2E~@b# ! J ~2!

and

TWD~a→b!5 (
m,m8

F ^buPum8&^m8uHsoum&^muVc
oddua&

$E~m8!2E~a!%$E~m!2E~a!%

1
^buVc

oddum8&^m8uHsoum&^muPua&

$E~m8!2E~b!%$E~m!2E~b!%
G , ~3!

whereP is the electric dipole moment,m andm8 represent
the high-lying states of the ion with the parity opposite to the
4 f N configuration, andE(g) is the energy of theg state.
Further,Vc

odd andHso are the odd-parity components of the
crystal-field potential acting on the rare-earth ion and the
spin-orbit interaction, respectively. The intermediate-
coupling approximation is used for the wave functions in
@ . . . #, in order to take into account the spin-orbit interaction
acting within the 4f N states, which leads to the relaxation of
the spin-selection ruleDS50 in Eq. ~2!, and consequently
makes theDS51 transition possible. In the case of Eq.~3!,

PHYSICAL REVIEW B 1 JANUARY 1996-IIVOLUME 53, NUMBER 2

530163-1829/96/53~2!/588~6!/$06.00 588 © 1996 The American Physical Society



on the other hand, theDS51 transition is allowed even by
using the pure Russell-Saunders states, because the spin-
selection rule is relaxed by the spin-orbit interaction within
the high-lying states which admix into the 4f N states through
the odd-parity crystal-field components. Furthermore,
T JO(a→b) has only one energy denominator, while
TWD(a→b) includes two. For this reason, the absolute value
of the transition matrix element due to the Wybourne-
Downer mechanism is much more sensitive to the energy
positions of the opposite parity states than that due to the
Judd-Ofelt mechanism. Accordingly, the Wybourne-Downer
mechanism is predicted to make relatively large contribu-
tions to thef -f transitions in Sm21 compared with Eu31.

Both of Judd-Ofelt and Wybourne-Downer theories
adopted the closure approximation to the high-lying statesm
and m8 in Eqs. ~2! and ~3! in order to proceed with the
calculations of the transition matrix elements. As a result, the
J50↔J850 transition, such as the5D0-

7F0 transition of
Sm21 and Eu31, is forbidden in the Judd-Ofelt theory, al-
though it is allowed by the Wybourne-Downer mechanism.
On the other hand, theJ50↔J852,4,6 transitions, such as
the 5D0-

7F2,4 transitions are permitted by both mechanisms.
If we employ the closure approximation, the5D0-

7F3
transition is strictly forbidden in the Judd-Ofelt mechanism
and only a weak intensity is predicted for this transition by
the Wybourne-Downer theory.12 Actually, this transition in
the Sm21-doped solids is usually observed only
weakly,2–4,14 whose presence may be explained by the
J-mixing effect, i.e., the mixing of the 4f N states of the same
parity through the even-parity crystal-field components.
Thus, the breakdown of the closure approximation does not
appear to be so serious even in Sm21. Therefore, we adopt
this approximation in the following analysis.

III. ANALYSIS AND DISCUSSION

The 5D0-
7F1 transition of Sm21 and Eu31 is forbidden

by both the Judd-Ofelt and Wybourne-Downer mechanisms,
and it is due to the parity-allowed magnetic dipole
transition.1,15 Accordingly, its strength is considered to be
almost independent of the energy separation between the
4 f 6 and higher-energy configurations and also of the crystal-
field strength acting on the rare-earth ions. In addition, the
squared transition matrix elements are almost equal in mag-
nitude for this transition of the Sm21 and Eu31 ions, be-
cause the wave functions of the5D0 and

7F1 states in the
intermediate-coupling scheme are nearly the same between
these ions.16 Accordingly, the 5D0-

7F1 fluorescence inten-
sity of these ions can be used as a standard. Keeping this fact
in mind, we have compared the fluorescence spectra of
Eu31 and Sm21 in various host materials.17,18As a conse-
quence, we have noticed the following points:

~i! The 5D0-
7F0 transition strength of Sm21 is much

larger than that of Eu31 in most host matrices.
~ii ! On the other hand, the fluorescence intensity due to

the 5D0-
7F2 transition of the Sm21-doped materials is

weaker than that of the Eu31-doped samples or comparable
to it. As typical examples, we show the fluorescence spectra
of Sm21-doped and Eu31-doped fluoride glasses in Figs.
1~a! and 1~b!, respectively.

When the closure approximation is used for the high-lying

states, the transition matrix element~3! can be nonzero for
the 5D0-

7F0 transition through thek51 term ~linear term!
of the crystal-field potential at the rare-earth ion site, which
is written in the form

Vc5 (
k,q,i

BkqCkq~u i ,f i ! ~4!

with Ckq(u i ,f i)5A4p/(2k11)Ykq(u i ,f i). Here,
Ykq(u i ,f i) is the q component of thekth-order spherical
harmonics, and (r i ,u i ,f i) represents the position of thei th
4 f electron of the rare-earth ion. There exists another mecha-
nism of this transition due to theJ mixing. Actually, it has
been proved by our group19 that the dominant mechanism of
the 5D0-

7F0 transition of Eu
31 in oxide glasses is to borrow

FIG. 1. Fluorescence spectra at 300 K due to the5D0-
7FJ tran-

sitions of ~a! Sm21 in HBLAN fluoride glass @~53!HfF4 ,
~20!BaF2 , (4)LaF3 ,~3!AlF 3 ,~20!NaF# and ~b! Eu31 in ZBL fluo-
ride glass@~60.6!ZrF4 ,~33.3!BaF2 ,~6.1!LaF3#. Here, the numbers
in the round brackets denote the mole ratios for the compositions.
The excitations have been made by all lines of an Ar1 laser for~a!
and its 465.8 nm line for~b!, respectively. The dotted arrow in~b!
denotes the5D1-

7F3 transition. Corrections have been made for the
wavelength dependence of the transmittance of the monochromator
and the sensitivity of the photodetector.
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intensity by theJ-mixing effect through the second-order
crystal-field potential from the5D0-

7F2 transition, which is
permitted by the Judd-Ofelt and Wybourne-Downer mecha-
nisms. This J-mixing effect will also account for the
5D0-

7F0 transition of the Eu31 ion in fluoride glass. In the
case of Sm21 in fluoride glass, on the other hand, this tran-
sition is too intense to be explained by theJ-mixing effect,
and the Wybourne-Downer mechanism is considered to con-
tribute dominantly to the5D0-

7F0 transition strength.
There exist two probable causes which account for the

difference in the dominant mechanism of the5D0-
7F0 tran-

sition between Sm21 and Eu31 in fluoride glass. One is the
difference in the magnitude of the linear term of the crystal-
field potential at the rare-earth ion site, and the other is the
difference in the energy positions of the high-lying odd-
parity states relative to the5D0 and

7F0 states. As is evident
from expression~3!, the lower energies of the high-lying
odd-parity states lead to higher intensities of the5D0-

7F0
transition.

In the case of Eu31 in condensed matter, the charge-
transfer states make more effective contribution to the
electric-dipolef -f transition than the 4f 55d states as inter-
mediate states,m andm8, in expressions~2! and ~3!,5 be-
cause the energies of the charge-transfer states are usually
lower than those of the 4f 55d states in the Eu31-doped
materials.6 However, the energies of the 4f 55d states of the
Sm21 ion are usually located much lower in energy com-
pared with the charge-transfer states of the Eu31 ion. For
example, in the case of the Eu31 ion in fluoride host matri-
ces, the charge-transfer band, which is considered to be due
to the transition in which one 2p electron of the surrounding
F2 transfers to the 4f orbital of the Eu31 ion, lies in the
vacuum ultraviolet region, while the absorption band due to
the parity-allowedf -d transitions of Sm21 in fluoride glass
appears from the visible to the ultraviolet region, as shown in
Ref. 4. On the other hand, it is not probable that the linear
term of the crystal-field potential is much different between
Eu31 and Sm21 in similar fluoride glass hosts. Accordingly,
the remarkable difference in the5D0-

7F0 transition strength
between the Sm21- and Eu31-doped glasses in Figs. 1~a!
and 1~b! is ascribed to the difference in the resonance effect
between the high-lying states and the 4f 6 states concerned
with the transition. The similar analyses account well for the
result ~i! in other kinds of host matrices.

It has been reported that the Eu31 ion in several oxide
matrices exceptionally has such a strong5D0-

7F0 line as to
be comparable to that line in the Sm21-doped samples.20

The charge-transfer states of such Eu31-doped materials are
known to be fairly low in energy compared with those in
ordinary oxide hosts.5 In addition, it has been pointed out
that the linear term of the crystal-field potential is relatively
large in these materials.20

The 5D0-
7F2 transition is allowed to occur as the electric

dipole transition by both the Judd-Ofelt and Wybourne-
Downer mechanisms. Thus, the strength of this transition of
Sm21 in solids is also expected to be enhanced by the above
resonance. However, the characteristic of~ii ! mentioned
above shows that such an enhancement is not observed in the
5D0-

7F2 transition of the Sm21-doped materials. Next, we
discuss the cause of this on the basis of expressions~1!–~3!.

Here, we calculate the transition matrix element~1! for

the 5D0-
7F2 transition of the Sm21 ion in solids. As men-

tioned above, theDS51 transition due to the Wybourne-
Downer mechanism is possible to occur even if we adopt the
pure Russell-Saunders states as the 4f 6 states. However, the
5D0 state includes the7F0 component considerably by the
spin-orbit interaction within the 4f 6 configuration states, al-
though theL-S coupling approximation holds fairly well for
the 7F2 state.16 For this reason, we use the intermediate-
coupled wave function calculated by Ofelt16 only for the
5D0 state, while regarding the7F2 state as a pure Russell-
Saunders state. Further, we consider only the 4f 55d configu-
ration states as the high-lying statesm andm8 in the matrix
elements~2! and~3!. This is a good approximation, because
the 4f 55d states are much closer in energy to the 4f 6 states
than the other electron configuration states in Sm21. Then,
the line strength of the5D0-

7F2 transition is expressed by
the sum of the terms involving the linear and the cubic com-
ponents of the crystal-field potential as follows:

I ~4 f 6@5D0#→4 f 6@7F2# !

5~2e!2^4 f ur u5d&2$Gk51~4 f
6@5D0#→4 f 6@7F2# !

1Gk53~4 f
6@5D0#→4 f 6@7F2# !% ~5!

with

Gk51~4 f
6@5D0#→4 f 6@7F2# !

5
24

35
Edf

22S (
q

uB1q8 u2D ~^4 f 6 7F2iU~2!i4 f 6@5D0#&

1^4 f 6 7F2iQk51
~2! i4 f 6@5D0#&!2 ~6!

and

Gk53~4 f
6@5D0#→4 f 6@7F2# !

5
64

1715
Edf

22S (
q

uB3q8 u2D ~^4 f 6 7F2iU~2!i4 f 6@5D0#&

1^4 f 6 7F2iQk53
~2! i4 f 6@5D0#&!2, ~7!

where

Qk51
~2! 5Edf

21H ~42!1/2z fU
~2!W~11!0

1
3

2 S 15D
1/2S z f2

4

9
zdDW~11!21

1

2 S 35D
1/2

z fW
~12!2

2S 35D
1/2

~z f2zd!W
~13!2J , ~8!

Qk53
~2! 5Edf

21H ~42!1/2z fU
~2!W~11!01

3

2 S 15D
1/2

~z f2zd!W
~11!2

1
1

2 S 35D
1/2

z fW
~12!22S 35D

1/2S z f2
1

6
zdDW~13!2J ,

~9!

and
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^4 f ur u5d&5E
0

`

R~4 f !rR~5d!dr. ~10!

Here, 2e, Edf , and R(nl)/r are the electron charge, the
representative energy separation between the 4f 55d and
4 f 6 electron configurations, and the radial part of the appro-
priate singlenl-electron wave function, respectively, andz f
andzd represent the spin-orbit coupling constants for the 4f
and 5d electrons, respectively. The prime ofBkq8 denotes that
the crystal-field parameter values are obtained from the ra-
dial integral for the matrix element ofVc between the 4f 6

and 4f 55d states. The first term̂ . . . iU(2)i . . . & and the
second onê . . . iQk5 j

(2) i . . . & in the second parentheses of

expressions~6! and ~7! result from the Judd-Ofelt and
Wybourne-Downer mechanisms, respectively. Further,U(2)

is the unit tensor operator of the second rank, whileW(1l)2

denotes the double tensor operator of total rank 2 with rank 1
in spin space and rankl in orbit space, and the reduced
matrix element of its single-particle componentw (1l) is
given by

^nliw~1l!in8l 8&5~5!1/2~2l11!1/2d~n,n8!d~ l ,l 8!. ~11!

Although Downer, Burdick, and Sardar neglected the contri-
bution of the linear term of the crystal-field potential,11 we
consider this, because it is not considered to be negligible.

Using z f51050 cm21,16 zd51000 cm21,21 and
the Slater integral F25330 cm21,16 which are
determined from the fitting of the energy levels of

FIG. 2. ~a! The values ofGk51(4 f
6@5D0#→4 f 6@7F2#) and ~b!

Gk53(4 f
6@5D0#→4 f 6@7F2#) as a function ofEdf . The contribu-

tions of only the Judd-Ofelt mechanism and only the Wybourne-
Downer mechanism are shown in~a! by the dashed and dotted lines,
respectively.

TABLE I. Values of the matrix elements
^WUSLJiW(1l)tiW8U8S8L8J8& of the double tensor operators
used in the calculation of the5D0-

7F2 transition strength. Here,W
andU are the irreducible representations of the seven-dimensional
rotational groupR7 and its subgroupG2 , respectively.

^4 f 6(100)(10)7F0iW(11)0i4 f 6(100)(10)7F0&5A 2

21

^4 f 6(100)(10)7F0iW(11)0i4 f 6(111)(20)5D0&52A2

7

^4 f 6(100)(10)7F0iW(11)0i4 f 6(210)(20)5D0&5
1

7

^4 f 6(100)(10)7F0iW(11)0i4 f 6(210)(21)5D0&5
1

7
A11

3

^4 f 6(100)(10)7F2iW(11)2i4 f 6(100)(10)7F0&52
1

2
A5

7

^4 f 6(100)(10)7F2iW(11)2i4 f 6(111)(20)5D0&52
2

5
A15

7

^4 f 6(100)(10)7F2iW(11)2i4 f 6(210)(20)5D0&5
1

35
A30

^4 f 6(100)(10)7F2iW(11)2i4 f 6(210)(21)5D0&5
1

35
A110

^4 f 6(100)(10)7F2iW(12)2i4 f 6(100)(10)7F0&52
5

2
A 1

105

^4 f 6(100)(10)7F2iW(12)2i4 f 6(111)(20)5D0&50

^4 f 6(100)(10)7F2iW(12)2i4 f 6(210)(20)5D0&52
6

35
A10

^4 f 6(100)(10)7F2iW(12)2i4 f 6(210)(21)5D0&52
3

35
A165

2

^4 f 6(100)(10)7F2iW(13)2i4 f 6(100)(10)7F0&5A 5

21

^4 f 6(100)(10)7F2iW(13)2i4 f 6(111)(20)5D0&52
4

105
A35

^4 f 6(100)(10)7F2iW(13)2i4 f 6(210)(20)5D0&52
1

15
A10

^4 f 6(100)(10)7F2iW(13)2i4 f 6(210)(21)5D0&50
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the Sm21 ion, we obtain ^4 f 6 7F2iU(2)i4 f 6@5D0#&
50.0636 and^4 f 6 7F2iQk51

(2) i4 f 6@5D0#&52894Edf
21 , and

^4 f 6 7F2iQk53
(2) i4 f 6@5D0#&521149Edf

21 (Edf in cm21).
For the evaluations of these values, we have assumed the
hydrogenic ratios for the Slater integralsF2,4,6 and used the
values of the double tensor operators shown in Table I. Fur-
ther, we have taken only the dominant linkage of
^4 f 6 7F2iU(2)i4 f 6 7F0&^4 f

6 7F0iW(11)0i4 f 6@5D0#& for the
first operator in Eqs.~8! and ~9!. Thus, expressions~6! and
~7! are written, respectively, as

Gk51~4 f
6@5D0#→4 f 6@7F2# !

5
24

35S (q uB1q8 u2DEdf
22~0.06362894Edf

21!2 ~12!

and

Gk53~4 f
6@5D0#→4 f 6@7F2# !

5
64

1715S (q uB3q8 u2DEdf
22~0.063621149Edf

21!2. ~13!

Figures 2~a! and 2~b! show the values of
Gk51(4 f

6@5D0#→4 f 6@7F2#) and Gk53(4 f
6@5D0#→

4 f 6@7F2#) as a function ofEdf . When we consider the con-
tribution from either of the Judd-Ofelt mechanism or the
Wybourne-Downer one, the squared transition matrix ele-
ment increases monotonically with decrease ofEdf . How-
ever, as is obvious from Figs. 2~a! and 2~b!, both the5D0-
7F2 transition strength of Sm21 arising from the linear and
the cubic terms of the crystal-field potential do not. This is
because of the cross terms between the matrix elements with
the opposite signs to each other, i.e.,^ . . . iU(2)i . . . & and
^ . . . iQk5 j

(2) i . . . & ( j51,3), in expressions~6! and ~7!.
Namely, the interference between the Judd-Ofelt and
Wybourne-Downer mechanisms causes the cancellation of
the matrix elements due to the two mechanisms. Further-
more, this cancellation inGk51 andGk53 is remarkable for
Edf of ;20 000 cm21, which roughly agrees with the rep-
resentative energy separation between the 4f 55d and 4f 6

configuration states estimated from the absorption spectra of
the Sm21-doped materials in Refs. 1–5. Thus, the interfer-
ence between the Judd-Ofelt and the Wybourne-Downer
mechanisms accounts well for the fact that the5D0-

7F2

transition strength of the Sm21 ion in solids is not enhanced
even by the small energy separation between the 4f 55d con-
figuration states and the 4f 6 states concerned with the tran-
sition.

We have also calculated the strength of the5D0-
7F4 tran-

sition of Sm21 in condensed matter. In this calculation, we
used the values of the matrix elements of the double tensor
operators in Tables I and II. The result shows that the can-
cellation of the transition matrix elements due to the two
mechanisms occurs similarly to the case of the5D0-

7F2
transition. Indeed, the fluorescence lines of the5D0-

7F4
transition are rather weak in Fig. 1~a! and Refs. 4 and 14.

IV. SUMMARY

For the understanding of all the5D0-
7F0,2,4 transition

strengths of Sm21 in solids, we have taken into account not
only the Judd-Ofelt mechanism but also the Wybourne-
Downer mechanism. The energy proximity of the 4f 55d
configuration states to the 4f 6 states in Sm21 has been found
to lead to an enhancement of the transition strength for the
5D0-

7F0 transition which is allowed by the Wybourne-
Downer mechanism, but not by the Judd-Ofelt mechanism.
However, it does not lead to the intensity enhancement for
the 5D0-

7F2,4 transitions which are allowed by both of these
mechanisms. This has been attributed to the interference ef-
fect between the contributions of the Judd-Ofelt and
Wybourne-Downer mechanisms to the5D0-

7F2,4 transition
strengths.
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TABLE II. Values of the matrix elements
^WUSLJiW(1l)tiW8U8S8L8J8& of the double tensor operators
used in the calculation of the5D0-

7F4 transition strength.

^4 f 6(100)(10)7F4iW(13)4i4 f 6(100)(10)7F0&52
1

2
A22

21

^4 f 6(100)(10)7F4iW(13)4i4 f 6(111)(20)5D0&52
1

21
A154

^4 f 6(100)(10)7F4iW(13)4i4 f 6(210)(20)5D0&52
1

6
A11

^4 f 6(100)(10)7F4iW(13)4i4 f 6(210)(21)5D0&50

^4 f 6(100)(10)7F4iW(14)4i4 f 6(100)(10)7F0&52
1

2
A10

7

^4 f 6(100)(10)7F4iW(14)4i4 f 6(111)(20)5D0&52
44

21
A 5

42

^4 f 6(100)(10)7F4iW(14)4i4 f 6(210)(20)5D0&5
253

1470
A5

3

^4 f 6(100)(10)7F4iW(14)4i4 f 6(210)(21)5D0&5
44

245
A55

^4 f 6(100)(10)7F4iW(15)4i4 f 6(100)(10)7F0&5
1

3
A15

7

^4 f 6(100)(10)7F4iW(15)4i4 f 6(111)(20)5D0&52
2

15
A5

7

^4 f 6(100)(10)7F4iW(15)4i4 f 6(210)(20)5D0&5
1

105
A10

^4 f 6(100)(10)7F4iW(15)4i4 f 6(210)(21)5D0)&52
3

70
A30

11
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