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The (f,f*) transitions of europium tris(bromate) enneahydrate crystal between 12000 and 20000 cm~! were
measured at 95K by laser-excited fluorescence spectroscopy. The crystal field components of the ground
("Fo.--6) and the excited states (3Do,1) participating in the transitions were analyzed in terms of the tensor-operator
method. Besides electric-dipole transitions, a number of magnetic-dipole transitions were detected in compli-
ance with the selection rule. The theory could reproduce the observed wavenumbers and intensities both for
the o- and n-transitions. The population ratio of the 5Dp to the 5D; was estimated to be 14.1 from the intensity
calculations and the observed results. The result suggests that mixing of g-orbitals is significant for the forced

electric-dipole transitions.

The trivalent europium ion of 48 electronic configu-
ration has a ground "F multiplet with a width of about
5000 cm™! and the next low energy levels of 5D multiplet
about 17000—24000 cm—! above. The Eu3* ion in crys-
tals displays characteristic emission in the visible
region which arises from the (f,f*) transitions between
these states. In the last decade, a considerable number of
studies have been made on the fluorescence of Eud+
doped in a variety of host lattices. So far, however, no
work has been reported on the electronic structure
of europium tris(bromate) enneahydrate crystals of
Eu(BrOs)3-9H20, which has a typical coordination
structure of [Eu(OHg)s]*+. In a previous work,? the
fluorescence spectrum excited by an Art laser on the
europium tris(ethyl sulfate) enneahydrate crystal (Eu-
(ES)) was studied. In this structure the Eu3* ion is in
the Cax crystal field of [Eu(OHz)s]3+. Besides the confir-
mation of the crystal field splittings of the ground 7F
multiplet and the excited Do and 3D states, a successful
interpretation of the spectral intensities was made by
applying the Judd-Ofelt theory.2:®

The present study is concerned with the electronic
structure of Eu(BrOs)s- 9H20 obtained by analysing the
laser-excited fluorescence spectra. In this host, the Eu3+
ion is in the Dsy crystal field of [Eu(OHz)s]3* according
to X-ray crystallography.4:9 The transition probabili-
ties for both the electric-dipole (ED) and magnetic-
dipole (MD) transitions were also calculated by using
the tensor-operator method. Some discussions are
given of the calculated and observed relative intensities.

Experimental

Single crystals of La(BrOs)s-9Hz0 and Eu(BrOs)s.9H20
were prepared by the method described in a previous paper.®
The fluorescence spectra of the crystals were measured
through an analyser to obtain polarization of the emitted
radiations whose polarizing planes are perpendicular (o-) and
parallel (z-spectrum) to the principal axis of the crystal. The
experimental procedure was the same as in our previous
report.

Results and Discussion
Selection Rules. In view of the X-ray crystallo-

graphic studies,*® it may appear adequate to assume
the Dan crystal field of [Eu(OHz)s]3*. However, D3sym-

metry was adopted for the theoretical calculations,
since it is convenient for the spectral assignments. The
crystal field mixes the states which differ in J and J,
whereupon J and J: cease to be good quantum num-
bers. Then the crystal quantum number u is used
to classify the crystal field energy levels. The clas-
sification of the crystal quantum number for different

TABLE 1. BASIS FUNCTIONS FOR THE IRREDUCIBLE
REPRESENTATIONS OF D, SYMMETRY

Crystal quantum number u

J
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9 120> |2,+1>
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v 13,-3>) o 13,-3>)
[4,0> 4,+1>
4 1 (]43>+ 1 (14,3>— 4,72>
Ve 14-3>) 9 14-3>) 44>
[5,0> 5,+1>
5 1 (153>~ 1 (|5,|‘o;’>4§ ) §,¢i>
9 5’_3> 9 P > ,i >
vz | ) v Y
[6,0> 6,+1>
5  16,—3> 5 ,—3> s 4>
6 v2 | ) ve | E31e
1 (]6,6>+ 1 (166> —
ve 16,-6>) 9 16,—6>)

TABLE 2. SELECTION RULES FOR D; SYMMETRY IN THE
CASE OF AN EVEN NUMBER OF ELECTRONS

(ED transition) (MD transition)

u u
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|J,J-> states are given for Ds symmetry in Table 1.7
The selection rules in terms of the crystal quantum
number u for ED and MD transitions are shown in
Table 2.9

Spectra. The fluorescence spectra of Eu(BrOs)s-
9H:0 at 95 K excited by a 457.9 nm line of an Ar+* laser
are shown in Figs. 1 and 2. The Raman lines of the
vibrational modes were distinguished from the fluo-
rescence lines by reference to the spectrum of La-
(BrO3)3-9H20, which is isomorphous with Eu(BrQs)s-
9H20 and gives no (f,f*) transitions, since it has no f-
electron in the ground configuration. The o- and =-
polarized spectra exhibit fluorescence lines at the
same wavenumbers but with different relative inten-
sities. The intensities were measured by the areas
under the curves of the spectra. The lines were as-
signed to ED and MD transitions between ““crystal field
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levels” on the basis of the selection rules and the calcu-
lated transition energies and intensities. The observ-
ed wavenumbers and relative intensities of the fluo-
rescence lines of Eu(BrOs)s-9H20 are listed in Table
3. Eight strong MD transitions are allowed according
to the selection rules for the “ion levels” (i.e. |AJ|=1)
and 12 weak MD transitions are forbidden transitions
with|AJ|>1. While the former strong transitions were
already reported by Hellwege,? Axe,!® and Sayre and
Freed!? for Eu(ES), the latter weak transitions were
first observed in our previous research applying the
laser as a light source.? The forbidden transitions oc-
cur when there exists a considerable interaction of the
free ion with the crystal field, that is, when the influ-
ence of J-mixing is appreciable. Table 4 summarizes
the crystal field levels of Eu(BrOs)s-9H20 determined
by the present analysis.
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Fig. 1. g-polarized fluorescence spectra of Eu(BrOj);-9H,O at 95 K excited by the 457.9 nm line of

Ar* laser.
(°Dy) are shown as (J'«<J).

Fluorescence lines assigned to the transitions between the ground (°F;:) and excited substates
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Fig. 2. n-polarized fluorescence spectra of Eu(BrOj),-9H,O. Notations are the same as in Fig. 1.
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TABLE 3. ASSIGNMENTS OF THE FLUORESCENCE SPECTRA OF Eu(BrO,;),;-9H,O
5D, (0+) 5Dy (£1) *D, (07) Averaged
ener
g®/cm~t 19 ﬁ‘:j{%yd) o/cm™! I, ﬁ?j{%y g/cm™! I, }:‘;ff%y /cmgly
7Fo(07) *19012.22  1.00 0.0 *19019.7¢ 0.8l 0.0 0.0+0.2
Fi(+1) *16900.6n 25.1 352.2 18658.9¢ 0.24 352.3 *18666.0mr 0.02  353.8 352.7+1.1
(0-) *16846.60 17.5 404.8 404.8
Fao(£2) 16229.4¢  4.51 1023.4 17986.27  3.20 1024.8 17995.2¢ 0.15 1024.3 1024.2+0.6
(1)  *16215.0x% 1.52 1038.0 17974.0¢ 3.41 1037.0 *17982.57 3.60 1037.1 1037.5+0.5
(0+) *17928.0n  0.52 1083.0 *17934.8¢ 2.12 1084.0 1083.5+0.5
"Fg(3+) 15410.7x 2.85 1842.1 17168.1¢ 0.95 1842.7 1842.4+0.4
(0-) *17128.47 0.01 1882.4 1882.4
(+2) 15363.0¢  0.08 1889.7 17120.527  7.81 1890.2 17128.4¢ 3.10 1891.0 1890.44-0.7
(1) *15335.0n  0.13 1917.7 17092.8¢ 2-09 1918.0 *17101.5z 0.12 1918.0 1917.940.2
(37) 17077.3¢ 0.60 1933.8 17085.47 1.51 1933.9 1933.8+0.1
Fo(£2) 14504.0¢ 70.5 2748.5 16260.87  4.93 2749.8 2749.240.7
(3%) 14440.1z 103. 2812.5 16198.2¢ 2.91 2812.3 2812.4+0.1
(1)  *14407.07n 0.24 2845.5 16163.8¢ 3.12 2846.5 *16172.6x  0.04 2845.9 2845.94+0.5
(0+) *16103.37r  0.51 2911.2 2911.2
(£2) 14324.40 22.5 2928.1 16083.47  3.22 2927.1 16089.66 1.83 2929.5 2928.2+1.3
(3-) 15936.5¢ 1.21 3074.1 15944.27  3.92 3074.9 3074.5+0.4
Fs(+2) 13408.7¢  0.61 3843.5 15165.87 0.12 3844.2 15174.4¢ 0.11 3843.8 3843.8+0.4
©0-) *13402.0¢  0.05 3850.2 3850.2
(1) 15150.1¢ 0.04 3860.1 15158.37  0.04 3859.9 3860.1+0.1
(3%) 13371.9xn 1.51 3880.3 15128.7¢ 0.36 3881.4 3880.840.6
(1) *13273.6xr  0.10 3978.7 15031.3¢ 0.01 3978.9 3978.8+0.1
(£2) 13215.00¢ 1.21 4037.1 14972.4n  0.97 4037.7 14979.3¢ 0.27 4039.4 4037.6+1.8
(37) 14932.00 0.52 4078.1 14939.62 0.28 4079.1 4078.6+0.5
"Fg(3%) 12324 .4n 1.80 4927.5 14082.0¢ 0.15 4927.9 4927.9+0.5
(+2) 12308.5¢  4.05 4943.4 14067.0r  0.01 4943.0 4943.2+0.2
(1) 14030.5¢ 0.25 4979.4 4979.4
(0+) *14027.0r  0.01 4983.7 4983.7
(3-) 14018.5¢ 0.05 4991.4 14028.97  0.05 4989.7 4990.5+0.9
(£2) 12248.9¢ 1.01 5002.9 5002.9
(1) 13959.5¢ 0.05 5050.3 5050.3
(0+) *13900.27 0.02 5109.6 5109.6
0-) *12140.0¢  0.28 5111.8 5111.8

a) The lines with asterisk are due to MD transitions.

b)

Transition energies in air. c¢) Relative intensity in case

of the intensity of the "F;(0)<—*D,(0) transition being taken as 1.00. d) Energies of levels in vacuum.

Energy Levels. The procedure for calculating
the energies of the 4f-orbitals in [Eu(OHz2)s]3* will be
briefly described here. In the case of strong spin-orbit
interactions, the wavefunctions for the electrons of the
free ion can be written as

|#)=5Calf : ¢SLJ), M

where g is an additional quantum number specifying
the state. In the presence of the crystal field, the wave-
functions should be rewritten as

|$a) =3a;|fY : gSLJM). 2

In taking the summation, a basis set was restricted to the
64 states strongly interacting with 3Dy and 7F, that is,
7Fy, 3(5Dy), 2(5F), 3(5G,), 5H, 6(3P,), 2Dy, 3F;, and 3H,
states, where the numbers in front of the parentheses are
the numbers of states with different g in Egs. 1 and 2.12

The total Hamiltonian of a rare earth ion placed in a
crystal field may be written as

&)

where Hion is the Hamiltonian of the free ion and Hey is
the potential term provided by the crystal environment
around the ions of interest. Hion can be split into

Hi,, = Ho + Hes + Hso’ (4)

where Hp is the sum of the kinetic energy and the
potential energy due to the field of all the inner shell
electrons and the nucleus, H,; is the electrostatic repul-
sive potential due to the coulomb and exchange interac-
tions between pairs of the outer shell electrons, and Hy,
is the spin-orbit interaction. Hp contributes only to a
common energy shift for all the levels of a given config-
uration. Hence the energy levels of the 4f® configura-
tion can be evaluated by diagonalizing the interaction
matrix elements of Het+HsotHey. The electrostatic
interaction and the spin-orbit interaction can be
expressed by a linear combination of the terms of the

H= Hlon + Hcrya
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Slater radial integrals F, (n=2, 4, 6) and the spin-orbit
coupling constant {4, respectively. The scalar two-
body electrostatic interactions arising from the second-
order perturbation energies were next considered. They
give an additional term to Hjo, with three configuration
interaction (CI) parameters a, 8, and .2 The crystal
field potential for D3 symmetry may be expanded in
terms of the tensor operator C,%® to give in which Bfisa

H., = BiC} + BiC: + B{(C}+C%) + BiCS
+ BS(CS+C?%,) + BS(CS+C2), (5)

crystal field parameter to be determined. First, the
matrix concerned with the free ion part was diagonal-
ized by fitting the calculated ion levels to the experi-
mental centers of gravity of the J-manifolds. Next, the
crystal field parameters were determined to reproduce
the observed crystal field levels for each ion level.
Finally, the matrix as a whole was diagonalized by

Fluorescence of Eu(BrOs)s-9HzO

3039

mum parameters thus obtained. The calculated eigen-
values are in close agreement with the observed ones
within root mean square (rms) deviations of 24.0 cm™!
and 5.6 cm™! for ion levels and crystal field levels,
respectively.

The wavefunctions thus obtained were used to calcu-
late the transition probabilities between crystal field
levels.

Intensities. The intensity of radiation for the
¢pe—¢, transition is given by

I($a: Pp) o< 0°8(Pa) N (Do) | (Pa|De| Pv) |®
+ [ (@a| D | $0) 121/ (2] + 1), (6)

where o is the transition energy in wavenumber, g(¢)
and N(¢,) are the degeneracy and the population of the
initial state ¢., and D. and Dn are the ED and MD
operators, respectively. The ED operator is written as

readjusting all the parameters. Table 5 lists the opti- 24 5
= D,
TABLE 4. OBSERVED CRYSTAL FIELD LEVELS T
o Eu(BrO,),-9H,0 207 ]
4 D
Level U Energy/cm-1 l :
18 +
:Fo 0+ (A) 0.0+0.2 . 1 e SDO
F, +1 (E) 352.7+1.1 L E “““l
0- (Ay) 404.8 S N \
7F, +2 (E) 1024.2+0.6 S 6T N
+1 (E) 1037.5+0.5 % 5 7e
0+ (A, 1083.540.5 s, 7F‘5
7F, 3+ (A,) 1842.440.4 = , >
0- (A,) 1882.4 T 7Fu
+2 (E) 1890.4+0.7 2+ Fs
+1 (B 1917.940.2 1 ’r,
3- (A 1933.840.1 0 7r)
F, +2 (E) 2749.24+0.7 7Fy
3t (Ay) 2812.4+0.1 . .
+1 (E) 2845.940.5 Fig. 3.. The energy level dlag.ran.l of Eu(BrO?)S:QHgo.
0+ (A 2911.2 Straxgh.t a‘nd wave.d’ arrows lndl?atc the radiative and
+92 (E) 9928.2+1.3 nonradiative transitions, respectively.
3= Ay 3074.5+0.4 TABLE 5. PARAMETER VALUES USED IN THE
Fs i(Z) Ei) ) gg‘;g'gio"* CALCULATION OF ENERGY LEVELS
+1 (E§ 3860.1 Parameter/cm—!
3t (Ay) 3880.8+0.6 F2 179.
+1 (E) 3978.8+0.1 F4 55.05
+2 (E) 4037.6+1.8 Fé6 4.79
3- (A) 4078.6+0.5 Car 1317.
"Fq 3+ (A,) 4927.9+0.5 o 49.5
+2 (E) 4943.2+0.2 B 998.
+1 (E) 4979.4 y 995.
0+ (Ay) 4983.7 B(2,0) 202.
3- (A) 4990.5+0.9 B(4,0) —282.
+2 (E) 5002.9 B(4,3) —3.00
+1 (E) 5050.3 B(6,0) —522.
0+ (Ay) 5109.6 B(6,3) 77.
0- (Ap) 5111.8 B(6,6) 859.
5D, 0+ (A 17248.3 r.m.s. deviation/cm™!
5D, +1 (E) 19005.8 “ion level” 24.5
0 (Ay) 19014.4 “crystal field level” 5.6
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De = _egri(c(;))ia (7)

where C%® is an irreducible tensor of rank 1. The z-

component of the ED moment corresponding to the
m-polarized emission is obtained with p=0, and the
(xtiy)-components corresponding to the o-polarized
emission are obtained with p==x1. The ED mechanism
of the (f,f*) transitions has been considered to be of a
forced electric dipole origin by Judd? and Ofelt.? They
occur due to the mixing of nl¥-1n’l’ configurations of
opposite parity through the odd terms of the crystal
field potential Voas. Then the perturbed state |¢,’) is
expressed as

19) = 190 — 5| E e 2] oy,
7

AE(n)
(8a)
AE(p) = E@N 'l : ) — E(¢a) = AE(nY), (8b)
where the perturbing potential Vo4 is defined by
Voaa = ? "ZIZ 4,7 (CP) s 9

For D3 symmetry the odd potential has the form
Voaa(Ds) = EA“,T;‘(C(') C9)s.
The matrix elements of D. may be expanded in terms

of LS multiplets by the application of the tensor-
operator technique to yield

(9’| Do) = iEjJ 20 3 a¥by(— 1)2HSHLIHA-MAp+05(8,8")
»f 2 t,p

(10)

X 2A+1D)[@2J+1)(Q2) + 1)]2
[1 ) :][ J A j’]
—p—p pIL—M P+p M’

x {4, 4 Breneseiiuo (1gsp),
(11a)

Tet) = 4y, = (- D22+ 0@+ 0[5 6 616 6 6]

x4l # H Ruslr1 Rur) (R || Ru) IAECD),

(11b)
where Ay, is a perturbing crystal field parameter. From
the triangular condition for n-j symbols with /=3, Eq.
11 has nonzero matrix elements only if

A=2,4,6,t=2+1,10'=2, 4.

Therefore, the five parameters 7(3,2), T«(3,4), Tc(5,4),
T(5,6), and T(7,6) are required. The T.(t,A) contains
theoretically undeterminable factors by the present
method, namely, the crystal field parameter A, the
radial wavefunction and the energy of the n’l’ orbital.
Hence, an alternative parametrization proposed by
Axel® was adopted; this is appropriate to describe the
relative intensities of transitions between the crystal
field levels by taking the T(t,A) as adjustable parame-
ters. A line strength!® for transitions between ion levels
was defined by Judd-Axe2:19 as

S@nJ: $n) = T 3 @+ DTUED] (0] IUD | $n))

(12)

(2t+1). (13)
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The Ti(¢,A) is a parameter concerned with the transition
between ion levels and should be distinguished from
T(t,A) for the crystal field levels. The matrix elements
of the unit tensor of rank 4 can be calculated using the
eigenvectors in Eq. 1:

(BadIUD | $n]) = 5 cx¥end(S,8) (—1)5+5+9-2
X [@J+ 1@+

x {44 dmastium i gse.

(14)

Consequentry, the parameters Ti(t,A) may be estimated
from the observed line strengths using Eq. 13:

1)]12

Ty(3,2) = £0.58, T,(34) = +0.20, T(5,4) = +2.39,
T,(5,6) = £0.05, T(7,6) = +1.46. (15)
An MD transition within the 4f¥ configuration is

allowed since an MD operator Dn is of even panty
having the form

B = —eli/(4nme).
The matrix element of Dn reduces to
(Pa] (D), |Pp) = T a*b (_1)J-M[ J 1 J']
a m/p l¥Db = i Oj “M p M

X (Y :qSL]| | D || f¥ : ¢S'L' ),

17)
where p=0 and *1 correspond to o- and =-polar-
ized radiations, respectively, contrary to ED transitions.
According to Condon and Shortley,!® the matrix ele-
ments are nonzero only when they are diagonal in the
quantum numbers g, S, and L, and furthermore J satis-
fies the following three cases (AJ=0, X1):

) J=J
(¢SLJ| | D | |¢SLT") = glJ(J+1)(2J+ I3,

where

(16)

(18)

¢=1+[JJ+1) +8S+1) — LIL-1)]/[2]+1].
2) J=J-1,
(¢SLJ||Dw||gSL)’)
[(S+L+J+1)(S+L+14JJ)(J+S L)(J+L— S)]l/t

(19)
3) J'=J+1,
(¢SL]|| Dy | |¢SL)")
_ [(S+L+J+ 2)(S+J+1—L)(L+J+1-S8) (S+L—J)]1/2.
4(J+1)

(20)
Thus, the MD transition probability can be evaluated
straightforwardly by using Egs. 1 and 2 for ion levels
and crystal field levels, respectively.

The calculated values of the relative line strengths are
contrasted with the observed ones in Table 6. The
comparison enables us to estimate the population of the
initial levels by Eq. 6. The two components of the 5D,
state, 5D1(0) and 5Dy(%1), were assumed to be equal in
population since they are separated by only 8.6 cm—1.
On the other hand, the 5Do(0) state lies about 1750 cm—!
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TABLE 6. COMPARISON OF THE CALCULATED AND OBSERVED LINE STRENGTH OF 7F;/<-5D; TRANSITIONS
IN Eu(BrO,),-9H,0O

Upper state Sobsd Stheo
Lower state 5D, 5D, 5D, 5D,
7F,
F, 0.62 1.86T(3,2)?
F, 14.0 3.017(3,2)2 0.5677(3,2)2
F, 3.15 19.6 4.68T(3,2)2+7.88T(3,4)2+5.02T"(5,4)2
F, 260.0 21.4 9.847(3,4)2+6.26T(5,4)2 12.3T(3,4)2+7.84T,(5,4)2
F, 4.63 4.18 4.32T(3,4)2+2.75T(5,4)2+0.15T(5,6)% +
0.117(7,6)2
"Fq 11.7 1.07 0.6077(5,6)2+0.45T;(7,6)2 0.697(5,6)2+0.507"(7,6)2

TaBLE 7. COMPARISON OF THE THEORETICAL AND OBSERVED TRANSITION INTENSITIES
OF THE FLUORESCENCE SPECTRA OF Eu(BrQO,),-9H,O

Upper state *Dy(04) D, (1) *D, (0)

Lower state ED theo.MD obsd ED thco.MD obsd ED theo.MD obsd
7Fo(0t) 1.59 1.00 1.28 0.81
F(£1) 1.21 1.78 0.38 0.24 0.02 0.02

©-) 0.78 1.24
F,(+2) 0.24 0.32 0.07 3.19 3.20 0.15 0.15

(1) 0.11 0.11 0.02 3.35 3.40 3.62 3.60

(0+) 0.51 0.51 2.40 2.12
7F,4(3%) ~0 0.20 0.89 0.95

(0-) ~0 ~0 0.005

(£2) ~0 7.85 0.02 7.81 4.71 10

(1) 0.08 0.01 1.21 0.02 2.09 0.34 0.12

3°) 0.90 0.60 0.54 1.51
Fy(£2) 4.75 5.00 4.54 0.01 4.93 ~0

(3%) 6.15 7.30 2.28 2.91

(1) 0.02 0.02 4.53 ~0 3.12 0.03 0.04

(0t) ~0 0.51 ~0

(£2) 1.65 1.57 5.71 ~0 3.22 2.16 1.83

(3°) 2.27 1.21 2.90 3.92
Fs(+2) 0.02 0.04 0.17 ~0 0.12 0.25 0.11

0°) 0.006 0.004 ~0

(=1 ~0 0.65 ~0 0.10 0.02 ~0 0.04

(3%) 0.05 0.11 0.55 0.36

(1) 0.03 0.007 0.20 ~0 0.01 ~0

(+2) 0.01 0.08 0.37 ~0 0.97 1.02 0.52

(3-) 0.92 0.52 0.66 0.81
TFq(31) 0.01 0.13 0.03 0.15

(+2) 0.02 0.28 0.06 0.01 ~0

(£1) ~0 0.26 ~0 0.25 ~0

(0+) 0.01 0.01 ~0

3°) 0.06 0.05 0.03 0.05

(£2) 0.04 0.07 ~0 ~0 ~0

(£1) ~0 0.02 ~0 0.05 ~0

(0+) ~0 0.02 0.02 ~0

0-) 0.02 0.02 ~0
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below the 5D; state. The ratio of the population of 5Dg
to that of 5D is given by

N(°D,) — Sonsa(*Do: "F ) [Seatca(*Dy: ’F )
N(SDI) Sobsd (SDI: 7FJ')/Scalcd(5D1: 7FJ')
= R(°Dy — "F:°*Dy — "F;1), (21)

where N(5D;) stands for the sum of populations overall
the components of the J-manifold. Since the fluores-
cence intensity is proportional to the population differ-
ence between the initial and the final states, the
population ratio can be estimated from the intensities
of two transitions involving the same final state. Thus,
the population ratio was calculated from the line
strengths in Table 6 to be

R(*D, - F,:°D, — 7F,) = 14.1, (22a)
R(*D, —> 7F,:5D, —> F,) = 15.5, (22b)
R(*D, — "F4:5D, —> 7F,) = 12.6. (22c) .

The average of these values gives 14.1 as the population
ratio 5Dy to 3D;. The result differs from the Boltzmann
distribution at 77k.

The values of Ti(t,A) of Eq. 15 for free ion levels
were revalued for crystal field levels by a least-squares
method.

To(3,2) = 0.25, T.(3,4) = —0.10, T,(54) = —2.71,
To(5,6) = —0.02, To(7,6) = —0.10. (23)

The calculated relative intensities are compared with
the observed ones in Table 7, where the intensity of the
line "Fo(0+)«-5D;(%1) is taken to be unity. The observa-
tion is well reproduced by the calculation.

Since T(t,A) is related to the radial wavefunction
Rnv, the contribution of the admixing orbital n’l’ can
be estimated. Then a parameter

I = nE 9(”'g)/[§.} Q(n'g) +:L,' Q(nd)],
proposed by Axel® may be introduced, where
Q) = (Rys|r|Rav') (Ruovr | 7| Ryg) [AE(RT). (25)
The parameter I" may be considered as a kind of mea-

sure of the contribution of the admixing orbital n’l’,
i.e., if only d-orbitals contribute, '=0, and if only g-

(24)

Masahiko Hasunuma, Keiko Oxkapa, and Yoshifumi KaTto

[Vol. 57, No. 11

orbitals contribute, I'=1. Approximate ratios between
T(t,A) values given by Eq. 11b are shown as function of
I as

T.(34)  1.95—142I

T.(3,2)  1.0+1.44I "’ (26a)
T.(56) _ 6.08—6.19
T.54)  1.0+5.00 ° (26b)

From the T.(t,4) values in Eq. 23 the value of I" was
calculated to be 0.968 and 0.987 for the t=3 (Eq. 26a) and
t=5 (Eq. 26b), respectively. Consequently, it is con-
cluded that the n’g-orbital plays a dominant role in
configuration mixing for ED transitions.
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