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e INTRODUCTION

New lasers that have significantly improved efficiencies and
performance at a variety of wavelengths are needed by the U.S. Army.
Their uses vary from range finding and communications through missile
quidance and countermeasures to high-powered laser systems that may be
required for weapons and for future nuclear fusion work. At the present [
time, there is no systematic way to select new laser materials for
specific applications; and, as a result, new systems must rely on
time-consuming and costly experimental programs. The development of
theoretical techniques for analyzing observed impurity ion optical
spectra 1in single crystals, however, has evolved to the point where one
may calculatelt‘ most of the quantities that are important in
understanding the behavior of current and possible future laser
materials. By using the results of such calculations, a systematic
approach can be taken to select solid-state materials that offer promise
as new laser materials having predetermined characteristics.

o
/In this work, we—re%;gt results of calculations of energy : levels
and transition probabilities for the lanthanides in Cawoﬁ:‘ q&g;ﬁ'rak

material was one of the earlier laser host materials:x and an abundance

: ¥ : :
of experimental data are avallable?' for comparison with our
calculations on the energy 1levels and electric dipole transition

probabilities for the triply ionized lanthanides from Pr to Tm.

i

" AR

'M. M. Mann and L. G. Deshazer, J. Appl. Phys., 41 (1970), 2951,
21, F. Johnson, J. Appl. Phys., 34 (1963), 897.

Donald E. Wortman, Clyde A. Morrison, and  Richard P. Leavitt,
b Optical Spectra and Analysis of Pr3* in cawoy;, Harry Diamond
i Laboratories TR-1726 (November 1975).
;, *See Annotated Bibliography--Energy Level and Intensity Calculations.

tSee Annotated Bibliography--Experimental CaW04 Data.
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25 CALCULATIONS

In making the calculations, we use parameters that describe the
free-ion energy levels and those that describe the effects of the
crystal on these free-ion levels. The effects of the crystal are

described by so-called crystal field parameters, and the even-fold

Bkm'
(even-k) B”m are obtained in a comparison procedure between calculated
RIT

and experimental energy levels. The odd-k Bkm are required in the

intensity calculations and are obtained by using lattice sum

; [
calculations.

* +

1 term energy levels reported’:* for pr’*, nd’*, and Er’t in

S al CaWo, were used as a basis for all the calculations. The
each ion were used to obtain a best least-squares fit between

calculated and measured levels by varying the even-k Bkm in the

S,-symmetry crystal field Hamiltonian

H =1

x kmBkkam - (1)

as described elsewhere.’ In the same manner, Hx was diagonalized here
in the space of 10 to 14 lowest J-multiplets spanned by
intermediate-coupled free-ion wave functions determined by the free-ion
parameters of Carnall et al® for Pr and Nd in agqueous solution. The

resultant best-fit Bkm for these ions are given in table I. Also given

3ponald E. Wortman, Clyde A. Morrison, and Richard P. Leavitt,
Optical Spectra and Analysis of pr3t in CaWo,, , Harry Diamond
Laboratories TR-1726 (November 1975).

N. Karayianis and C. A. Morrison, Rare Earth Ion-Host Lattice
Interactions l. Point Charge Lattice Sum 1iIn Scheelites, Harry Diamond
Laboratories TR-1648 (October 1973).

SN. Karayianis, D. E. Wortman, and H. P. Jenssen, J. Phys. Chem.
Solids, 37 (1976), 675.

Gw. T. Carrall, P. R. Fields, and K. Rajnak, J. Chem. Phys., 49
(1968), 4412-55.

*See Annotated Bibliography--Experimental CawOy Data.




in table I are B obtained by varying the free-ion parameters for

km
3+ SR AT ~ . . 2
Nd and Erxr in CaWO,, and these free-ion values are listed in the
table.
TABLE I. PHENOMENOLOGICAL CRYSTAL FIELD PARAMETERS, B, , FOR TRIPLY IONIZED

km
LANTHANIDES IN CaWO,

In using the theoretical model, we assume’'* that the Bkm may be

factored as follows:
k
Ben = A D -0 (2)

where the Ok are ion-dependent screening factors of Sternheimer et al,

the <;k>'are ion-dependent radial integrals, and the Akm are the crystal

field components which we assume to depend only on the host material.7'*

To match the lattice sums to the experimental B a

kml
three-parameter theory was developed7r* which extends equation (2) as

follows:

Bkm(T; g, n) = okAkm(q. n) (3)

"Nick Karayianis and Clyde A. Morrison, Rare Earth Ton-Host Crystal
Interactions 2. Local Distortion and Other Effects in Reconciling
Lattice Sums and Phenomenological Bkm’ Harry Diamond Laboratories
TR-1682 (January 1975).

*See Annotated Bibliography--Other Theoretical Calculations on
Rare-Earth Ions in Crystals.
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The three parameters T, g, and n are varied to obtain a least-squares
fit between the B. of equation (3) and the phenomenological ka for
each ion. The <;;gF are the expectation values of the radial positions
of the 4f electrons calculated by using Hartree-Fock wave functions.’*
For t <1, the wave function is spread radially, which is a necessary
condition to match the observed Slater parameters, Fk. The two
parameters q and n describe covalent effects in the host crystal. For

CaWO,, g 1is the effective charge on the oxygen ion, and the charge on

the W ion is given by 9y = =Z= 4qo; n is the ratio of the effective
oxygen charge from its center position as determined by neutron
diffraction. By varying gq and 1, the known covalency of the
(WO,)~ % radical can be simulated. After finding parameters in

equation (3) that fit even-k By, the odd-k By, which are not readily

obtainable from the crystal spectra, can be calculated.

The Byn given in table I, rows 3 and 4, for Nd and Er were obtained
from higher-quality data (e.g., fewer extra lines) than were the By for
Pr; better agreement was obtained also between theory and experiment for

the former ions. Therefore, the B of rows 3 and 4 were wused to

km
calculate Bkm(T; g, n) by varying T, g, and n; the Bkm derived in this
manner are listed in table II. Also given in table II are smooth sets

of Bkm for the other lanthanides in CaWO,. These values were obtained

" Nick Karayianis and Clyde A. Morrison, Rare Earth Ion-Host Crystal
Interactions 2. Local Distortion and Other Effects in Reconciling
Lattice Sums and Phenomenological Bkm' Harry Diamond Laboratories
TR-1682 (January 1975).

*See Annotated Bibliography--Other Theoretical Calculations on
A Rare-Earth Ions in Crystals.




TABLE II. CRYSTAL FIELD PARAMETERS, B FOR TRIPLY IONIZED LANTHANIDES

’
a km
IN CaWOy
Ion B B, By, B Real 1Y 1
It 1
Pr 477 -981 1188 1020 279 Vi1
Nd 464 -881 1066 4 B¢ 238 I
Pm 45R -817 990 i 7183 214
m 45¢ 176 440 -3 732 0l 1
Eu 45¢ -747 104 3 698 191 I
Gd 458 -72 ? } if 183 I
b 460 700 48 3 63 174 I
Dy 464 -6RB0 K24 3 €15 166 XLITI
Ho 468 -6H64 4 -3 e 1 159 XLVIII
Er 473 3 3 ] -3 3 ¥
479 -645 Bl 3 6 154 I
'These values were obtained by scaling the calculated B, , r Nd and Er by the
b values of table III The Bym(1: q. for Nd an phenome
logical Bym of table I (row 1 and 4)

by using the ;k values of equation (3) given in table III and the Bkm

for Nd. In equation (3), these values were found: TNd = 0.752
and [Er = 0.672; values for 1 for the other lanthanides can be obtained
by assuming that T is a linear function of N (where the electronic
configuration for each ion is 4fN). Also given in table III are the

radial 1integrals and energy positions of the higher electronic

el T ~% < k> e 2 A ;
TABLE III. VALUES FOR “k = T X (l =2 'Jk), IN UNITS A, TO CONVERT LATTICE SUMS

o ; eI e e e 1 a
Axm TO CRYSTAL FIELD PARAMETERS, Bygm, AS Bym = “kAkm

Ion f R v ‘ d d 1 1 1 !'
0.1828 0.7433 2.2936 2.0120 4.5049 0.09108 0.1447 1.4756 49.7* 222.
Pr 0.1746 0.61386 1.8410 1.63139 1.4802 0.07906 0.2814 X1 329 61 218.4
Nd 0.1696 0.5714 1.5647 1.4204 2.897 ).07129 ). 239¢ 0.9107 70.4 248.8
Pm 0.1672 0.5292 1.4026 1.3966 2.7251 06705 ). 21 3¢ L7694 1.6
Sm ). 1662 0.5013 1.3065 1.3793 2.5792 ). 06369 ).1929 ). 661( 253.3
Eu 0.1661 0.4808 1.2392 1.2345 2.2164 ).05919 ).1711 ).5593 Bl1.0 263.0
Gd 0.1664 0.4639 1.1805 1.0834 1.8709 0.05492 ).1519 ). 4753 92, 3¢ 275.4
™ 0.1672 0.4479 1.1196 1.8148 1.0199 06169 }.1638 ). 4919 55 .1 239.¢
Dy 0.1681 0.4342 1.0610 1.5015 2.4117 ). 0 U ). 1471 L4252 66.6 232
Ho 0.1693 0.422¢ 1.0151 1.3404 2.0819 0.0548°¢ J.1353 0.3773 4.6 261.
Er 0.1709 0.4146 0.9877 1.3531 2.035%6 0.054 14 0.1296 0.3498 73.9
m 0.1727 0.4075 0.9727 1:3755 2.0074 0.05416 ).1253 0.3278 2.7
Yb 0.1744 0.3970 0.9227 1.2515 1.7748 0.05255 ). 1181 0.3004 79.9 270.4
'Alsc given are values for dy (:)(."\ 4f5d/04 and 9, (v)(x') §59/0, and free-ion values (in units 10° em™ ') for 3,
;-., Fgp and 2, Eog Eyy where enerqgy \I:I[-v!.'-m ©s are !l.:m 1 uv lytng enerqy s In the respective multiplets
¥. L. Vander Sluls and L J. Nugent, J. Chem. Phys., 60 (1974) 1927, tabie I (*measured values)
11
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confiqurations for each lanthanide; these values are required in the

intensit calculations along with the B and A .
Yy j len 2 e The Akm for

qO = ~-1.150 and n = 0.962 used in the intensity calculations are given

in table IV. These values were obtained in the fitting using the Nd and

Er phenomenological Bkm and the Bkm(r; (o (i 1 ) Also given in table IV

are Akm for dp = =1 and g5 = ~0.9 with n =1 so that results for

arbitrary oxygen charge may be obtained by linear interpolation.

TABLE IV. AMPLITUDES, Ayp in cm™! A%, OF SPHERICAL DECOMPOSITION

OF CaWO, LATTICE SUMS®

. RESULTS AND DISCUSSION

The primary purpose of this work was to calculate electric dipole
transition probabilities between the Stark-split energy levels

for the triply ionized lanthanides in Cawo,. A large number of

2:3%

experimental data is available for comparison as given. In

obtaining the transition probabilities, phenomenological Bkm for N4, Er,
and Pr in CaWoO, were obtained by fitting theoretical to experimental

energy levels (table I). The Bkm for Nd and Er, which were obtained by

using better data than for Pr, were then used to obtain a smooth set of

Bkm for all the lanthanides by wusing the nk of equation (3) in the

manner described in section 2. Energy levels and squared-matrix

elements of the electric dipole operator, which are proportional to the

2L. F. Johnson, J. Appl. Phys., 34 (1963), 897.

Donald E. Wortman, Clyde A. Morrison, and Richard P. Leavitt,
Optical Spectra and Analysis of pr3* in CaWoy, , Harry Diamond
Laboratories TR-1726 (November 1975).

#*See Annotated Bibliography~-Experimental CaWOy Data.
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T

electric dipole transition probabilities, were then calcnlated, and all
these results are given in tables V to LXIII. A comparison of
calculated to measured energy levels for the lanthanides gives some idea
regarding ‘he reliability of the odd-k Akm which were obtained from
lattice sums. The theoretical energy levels for Nd, Er, and Pr, for
example, are within 5 em™! rms of the best fit rms values given in

table I. A better test of the transition-probability calculations would

be a comparison with published2'3'* experimental data.

In tables V to LXIII, the energy levels and quantities labeled
transition probabilities were calculated by using the parameters given

in tables I to 1IV. The quantities labeled "transition probabilities"

are the squared-matrix elements between initial and final states, Mif’
and are related to the oscillator strength by
8n2vif .

T e Sk k8
In this expression, vif is the frequency difference between the initial
and final states. Also in the tables, the notation is that an energy
level is labeled by twice the crystal guantum number, M. Thus, ¥ = 0,
1, and 2, for example, correspond to I'1, '3 4, and ', levels for even

ions (N even) in the notation of Sy point symmetry. For odd
ions, u = 1/2 or 3/2 corresponds to I;,g or F5'6 levels, respectively.
Many quantities that are not listed in the tables, but are important in
analyzing properties of laser materials such as stimulated and
spontaneous emissions and cross sections, are proportional to M2 through
the oscillator strength. These properties can now be compared with the

known optical properties of the lanthanides in CaWOy.

2L. F. Johnson, J. Appl. Phys., 34 (1963), 897.

3tbnald E. Wortman, Clyde A. Morrison, and Richard P. Leavitt,
Optical Spectra and Analysis of Pr3% in CawWoy, , Harry  Diamond
Laboratories TR-1726 (November 1975).

*See Annotated Bibliography--Experimental CaWOy Data.
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TABLE VII.
SIGMA TRANSITICN PwD)
\
LY
2 in 4 5.024F
5 3k & a1 28
9 IS 1.5 3F
12 3% S 2.324€
15 3+ 5 Sen24F
17 In 6 3. 509¢F
20 ¥ 6 LER
26 3K 6 2.0931¢
2% 3F 2 1. 138t
30 3F ) 3.221€
33 3 3 l.b6SE
15 IF & T.704E
40 AF & 4.5 78¢
Y IGC & 2.525¢
47 166 24603k
St 1C 2
56 3P |
S8 11 &
61 L1 &
66 11 &
67 3P 2
2 o4
5 Ik &
9 3K S
12 3JK'S
15 385
17 3+ &
20 Y- &
26 3K b
v A
30 3% 3
33 3F 3
35 3F 4
40 3IF &
43 10 4
a7 106 &
Sk ¥ ¢
56 3P 1
58 11 6
61 11 6
66 11 &
67 3° 2
2 3 &
5 IN & 1. 401F
? NS Bab35E
12 3n S 1.6T75E
19 W S T.1017E
1?3k 6 5.439E
20 3n 6 4.137F
28 " 1.262¢
27 3¢ 2 1.526F
30 3¢ 3 6.6R0€
33 5¢ 3 6. 06RE
35 AF & . T10E
40 3¢ & 1. 185F
43 16 & T.041F
47 10 & 281 9¢E
$1 1€ 2 1.306¢
56 3P 1 T.omat
S8 L1 & 1.921F
6l Ll & 3.071¢
64 11 & 1.015¢
&y I 2 1.28RE

VALLE
PROPURTIONAL TO OSCILLATOR STRENGTHS FOR Pr3* IN cawo,?

JARILITF

04
U4
R}
c3
03
a3
03
4
(R}
0
03
Ua
O4
O4
02

02
02
o1

o1
o1
ol
03
03
00
02
03
vl
o3
03
05
ol
ue
04
03
U4

transition probability.

*a given value must be multiplied by a constant and the cube of the energy dif-
nce between the initial and final state, for example, to obtain the spontaneous
These values were obtained by using the parameters given

4
[N
2.056¢
et TE
1.736¢
9.482€
1.220¢
6.T720F
5911t
1.226€
1.187¢€
L.l49E
2.4T1F
2.193
4.815¢
L.157¢
3.61R¢E
T.355E
4.285¢
3J.306¢
1.427¢
4.910F
2.462¢
19
LU
2.086E
7.510¢
2.950¢
2.84TE
5.001E
1.145¢
S .h4RE
D.93TE
1.960¢
9.B28F
1.739¢
543368
V. 196E
L. 1H3E
3.106E
B.181€
1.250¢
4,21
5. 9ThE
6.504E
1.591E
LY
e
5.091F
5. 155¢
1.878E
I.I51¢E
2.303¢
2.971€
6.305¢
1.697E
lL.64sE
1.922¢
1.090¢F
6.974E
3.2RTE
1.118¢
1.A8AF
1.314E
K.bbLE
1.730¢
“.T29¢
9.384F
2.573%¢

in tables II to IV.

o
O

o3
04
04
04
04
03
03
04
03
02
03
a3
03
04
04
o1
03
04
04
03
03

03

FOR SQUAK:D-MATRIX ELEMENTS BETWEEN INITIAL AND FINAL STATES

2.U518
1.132¢
1.425F
2.176¢
S.195¢
HeniSE
1.559¢
1.355¢
Habl 4k
2.129
1.26CE
T.359¢
5.563F
1.5249¢€
62428
£:nl8E
1.022F
2.150¢
1.932¢
1.934F

3.034E

0%
Ce
04
0&
c3
03
03

03
03
04
03
G4
0s
03
04
(% ]

B&E
1 < ROOE
4,270
2.096¢

“2

10 6
De421F
3.2C0€
AL 403€
1.1C6F
4. 193
3. 7RSE
1.290¢
4.928¢E
9.231€
T.R21E
1.130¢
“aient
3.AT6E
6.072€
1.267¢
9.906F
2.065€
1.B61E
2.611E
3. 638E
3.503€

03
02
03
N4
03
03
04
04
co
02
06

03
04
04
03

04
04
04
03

5.359€
2.352¢
1.562¢
be | ARF
E.5b4F
Lo6lOF
G980
PR
7. 7498
GabATF
2.0K2¢
2.162¢
2.915¢F
2. ERRF
L.ob5E
Lah26t
1.900¢
2.330€
2.208€
3.329¢
1.906F
4t
16 4
3.495¢
1.437¢
2.450¢
24339€
4. 526k
2.86AF
5.591€
3.917F
3.304E
3.529¢
1.199F
1.925¢%
2.620F
1. 7RSE
8.305¢
3.066F
L.468E
S.69A0E
9.266E
1.423E
€.070€

16

4
03
0e
o
03

04
4
Gy
N6
04

04
04
02
04
01
02
02
04

0y

B

e
IH ¢
he HEOBE
1o 7673¢
1.134¢
1.927F
L2618
IURLY
2.4k 081
Ha BRKE
A ELTE
1.02%€
Lo4l9E
1o 752€
4. 790F
1.015¢
1.392¢8
2.197¢€
2.427F
1.219¢
9. 145¢
1.155€
9.1813¢
“n
16 4
1. 1C6E
5.04RF
1< 784E
3.453E
AL 43BE
T.763E
2.46RF
2.169€
1.163€
1.2H2€
1.126€
3.933¢
B.0CLE
1.021F
1.537¢€
K. 095F
3.345¢€
J.6FP4F
R.TC2E
1.6469F
7.380¢€

03
)4
04

i
04
02
3
03
04

)3
04
04
04
U4
04
at
0«
o1
01
02
03

02
03
03
02
04
03
04
03
03
03
04
23
04
04
05
02
03
04
03
05
03

L]
3N 6
Y.9sRE
2.060F
1.528¢
Taallt
2.422¢
3.322¢
1.039t
B.I21¢
S.165E
b.556¢
B.R4S5E
T.HI6F
2.217¢
B 1196
4.l133¢k
2.H38¢
3.HT0E
3.862¢
1.210¢
31.968¢€
1.566¢
49
1o 2
L.R&TE
1.109¢
4.582¢
2.941E
2.690€
T.738¢
1.589¢
1.443¢
2.BRABE
1.804€
2.605E
R.a96t
2.852€
2.05TE
1.604¢
B.T95¢E
L.826¢
1.710E
4.B65E
1.268¢
T.770€

A S S

03

03

r

03
03

o6
02
02

04

04
03
02
02
02
02
03
03
03
03
02
03
03
04
03
03
03
04
03
0%
03

21
[
6.H5CE
1.301¢€
. 125¢
loklek
J.E12¢
2.263F
hoR2AYE
1. 898
7,373
“.50T7¢€
lerbit
2.5217F
G.b65E
L.564E
G.85%2L
1. 184E
2.022¢
2.332¢
3.602¢
1.115€
1.856F

53
P O
2.043E
2.360€
T.634E
6.048F
4.348¢F
3.852¢
S.285¢E
6.0B5F
L.694F
6726
1.425¢
“.BBRE
1.963E
5379€
9.404E
T.493¢
2.173¢
1.962¢
2.233¢k
6.593¢
B.061TE

i

el v b G

ec
~ &

0
0o
a3
0e
02
02
03
04

04
0s
02

03
us

PR
In 6
R.ATLF
1.415F
3. 9868
Lo 31 6F
5,295
5. 206E
2.182¢
L.4738
LolelE
1.527¢
3. T68
T.401F
1.20 ¢
1. 1308
2.291F
La2 b6k
4. T18¢E
2.098¢
.961¢
B.441E
A.1E4E
57
1p 1
1.270€E
4.068F
2.915¢E
1.9217¢
lL.4G6E
6. 184E
9.993¢
6.555F
6.107€
1.657¢
9.490F
1.2498
4.265€
7.259¢
9.457E
1.070F
4.349E
1.581¢
1.055¢E
1.340¢
2.038F

03
03
04
4
o3
(4
D4
4
ce
os
04
O«
05
06
04
a3
03
02
02
02
03

2t
[
9.669E
L.615F
1800k
6.04TF
1.051€
2.6
2.411¢
4.55RE
J.694F
3.200¢
2.790¢
1R IE
2.759€¢
1.399¢F
5.065F
L.315¢
6.30HE
3.222¢
T.5C2¢€
2. 2B&E
4.450F
55
it e
2.945E
2.663F
6.010E
2. 190€
3.992€
3.791€
1.485E
3. T64E
1.366E
1. B4k
5.070€
2.405¢
6.527E
S.131E
B.e9TE
1.608F
2.182€
3. 136F
L.415¢k
3. 743E
2.838€

04

03
03
o1
o1
01
02
02
02
03
03
02
0%
04
04
0«
05
02
03
04
04
0«

32

LI
1.5943¢
1.250F
2.206¢
B.316F
4. 303
3. T74F
b.4695E
9.207€
1. T96F
1. 348¢
1.019€
2.115€
1.30%
1.0U15€
L. T44E
L.U29E
1.152¢
2.059€
3.662F
9.487¢
B.150¢

62

e
1.507¢
1-110¢
1.120€
T.782¢
1.205¢
3.570€
1.458E
1.331F
S.958F
1.667€
6.822€
2.107¢
4.691F
J.9a6TE
3. 14sE
3.123€
2.T778E
1.366F
1.838€
3.712¢
. 468F

05
05
03
ord
03
ua
el
04
(% ]
04
03

0y
os
o3
04
c2
c2
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VALUES FOR SQUARED-MATRIX ELEMENTS BETWEEN INITIAL AND FINAL STATES
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%A given value must be multiplied by a constant and the cube of the energy dif-
ference between the initial and final state, for example, to obtain the spontaneous
These values were obtained by using the parameters given

transition probability.

; in tables II to IV.
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