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As many as thirty-seven 25 *!L; multiplet manifolds of Nd**(4f*) have been analyzed in the gar-
nets Y;AL0,, (YAG), Y;3Sc,Al,0,, (YSAG), Gd;Sc,Ga;0,, (GSGG), and La;Lu,Ga;0,, (LLGG).
The majority of Nd** ions substitute for Y**, Gd*", or La’" ions in sites of D, point-group symme-
try in the lattice. Individual Stark levels within each manifold have been identified experimentally
up to 40000 cm ! and compared with results obtained from a theoretical calculation. The model
Hamiltonian includes Coulombic, spin-orbit, and interconfiguration interaction terms for the 4f°
atomic configuration of Nd** and crystal-field terms in D, symmetry, including spin-correlated
crystal-field (SCCF) contributions. The Hamiltonian was diagonalized within the complete 4f°
SLJM, basis set which includes 364 states. Comparison between 148 (Nd:YAG), 140 (Nd:YSAG),
143 (Nd:GSGG), and 107 (Nd:LLGG) observed and calculated Stark levels (without SCCF) yields
rms deviations of 18, 19, 17, and 16 cm !, respectively. Results indicate that SCCF contributions
yield modest improvement in the calculated value of the overall crystal-field splitting of the energy
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levels.

I. INTRODUCTION

The development of high-power diode arrays and the
successful use of these arrays to pump solid-state laser
materials' ® has reopened interest in the energy up-
conversion process as a means to pump ultraviolet
and/or visible tunable solid-state lasers. Potentially, laser
diodes that operate in the near infrared can excite rare-
earth ions to metastable states which can be further excit-
ed to higher energy levels. Macfarlane et al.® have
demonstrated a 380-nm up-conversion laser operating be-
tween the *D;,, and *I,, ,, manifolds of Nd** in LaF;.
Kliewer and Powell'® have shown that excited-state ab-
sorption of the pump photons can deter the generation of
1.06-um radiation from Nd** in Y;Al;0,, (YAG) when
pumped by an alexandrite laser. In both cases, the
knowledge of the ultraviolet and visible energy levels of
Nd** in these well-known laser host materials was cru-
cial in the analysis. It is timely now to examine in detail
all the excited energy levels of Nd** in those garnets
most used as solid-state lasers. Spectroscopic analysis
leads to a characterization of atomic and crystal-field pa-
rameters needed to calculate energy levels and transition
probabilities. These results can be expressed in terms of
important laser parameters including transition wave-
lengths, cross sections, branching ratios, and efficiencies.

Many of the spectroscopic properties of Nd3% in
Y;AL;0,, (YAG) have been reported earlier,!' !> espe-
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cially for the *I, and *F,, multiplet manifolds. Howev-
er, there remain different interpretations of the detailed
splitting of Nd** (4£*) ion manifolds in the ultraviolet re-
gion.'*”1® Recently, Hua et al.'® published a crystal-
field splitting calculation for the entire 4> configuration
of Nd:YAG. However, it is not clear how the authors
analyzed and assigned their data in the calculation. For
other garnets used as laser crystals, such as Nd** in
Y;Sc,AL04, (YSAG), in Gd;Sc,Ga;0,, (GSGG), and in
La;Lu,Ga;0,, (LLGG), there appear to be no reported
detailed crystal-field splitting analyses of the energy levels
in the visible and ultraviolet regions. %2

The purpose of this paper is several fold. First, we re-
port the experimentally determined energy (Stark) levels
of Nd**(4f%) in YSAG, LLGG, and GSGG up to
40000, 35000, and 34000 cm !, respectively. To the list
of energy levels already reported for Nd:YAG, we in-
clude additional levels up to 40000 cm ! deduced from
our spectroscopic studies. Second, the energy-level data
are analyzed in terms of a model Hamiltonian that as-
sumes D, site symmetry for the Nd** ions in the garnet
lattice. Both the atomic (“free-ion’’) and crystal-field in-
teraction terms in the model Hamiltonian are
parametrized, and both the atomic and crystal-field in-
teraction parameters are used in fitting calculated to ex-
perimental energy-level data. The crystal-field part of the
model Hamiltonian is defined to include the standard
one-electron interaction terms as well as additional terms
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TABLE 1. Hamiltonian parameters derived from analyses without inclusion of SCCF. See Sec. III of
text. Parameters are defined according to Egs. (1)-(3).

Parameter values (cm™ ')

Parameter Nd:YAG Nd:YSAG Nd:GSGG Nd:LLGG
E.. 24 117(40)* 24 163(40) 23 988(40) 24 144(40)
F? 71 090(45) 71554(66) 69 551(93) 71248(65)
F* 50917(65) 52 564(109) 47 440(150) 48201(100)
F° 34 173(45) 35361(105) 33756(160) 32403(92)
a 20.8(2.1) 20.9(2.3) 16.8(2.2) 18.0(2.5)
B —651(16) —661(16) —547(15) —585(16)
y 1868(24) 1419(60) 2406(89) 2598(52)
T2 231(27) 207(30) 660(28) 173 (35)
T} 46(9) 47(10) 49(9) 44(9)
T 39(11) 51(11) 122(10) 56(11)
Tt —236(14) —259(15) —222(14) —203(16)
T’ 237(20) 23121) 350(21) 197(24)
T* 174(23) 204(25) 749(24) 115(32)
& 875(7) 878(8) 886(7) 885(7)
M° 2.58(1.32) 2.36(1.58) 2.95(1.36) 2.55(1.33)
p? 275(35) 233(36) 198(35) 163(36)
By —690(23) —819(26) —467(22) —1265(30)
B, —158(21) —224(23) —117Q20) —361(26)
By —343(39) —206(41) —907(36) —114(42)
B, —2401(29) —2473(31) —2482(25) —2006(30)
B, —1094(33) —988(34) —652(34) —819(35)
Bo 2315(44) 2040(45) 1734(41) 1729(42)
By, 922(36) 878(36) 567(34) 792(37)
B, —1124(35) —1087(35) —1035(31) —811(34)
By 836(38) 824(39) 1030(36) 830(37)
N® 148 140 143 107
o (em™ ') 18.4 18.8 17.0 16.4

*Numbers in parentheses represent an estimate of the uncertainty defined as the change required to
double the standard deviation.
®Number of experimental levels included in data fits.

‘rms deviation between calculated and experimental energies.

TABLE II. Crystal-field and restricted SCCF parameters. See Sec. III of text. The B,,, parameters

are defined according to Eq. (3) and the ¢, parameters are defined by ¢, =by,, /By,

Parameter values (cm ')
Parameter Nd:YAG Nd:YSAG Nd:GSGG Nd:LLGG
B, —696(22)* —848(29) —478(20) —1309(28)
B, —158(20) —225(24) —119(18) —350(24)
B, —341(37) —152(44) —905(32) —142(39)
B, —2415(28) —2555(32) —2503(24) —1996(33)
B, —1098(31) —1058(37) —682(31) —817(33)
By, 2309(43) 1994(50) 1888(39) 1756(42)
B, 915(34) 899(40) 608(31) 793(36)
B¢, —1116(34) —1046(41) —1119(30) —831(33)
B 820(37) 822(44) 1070(34) 826(37)
c, —0.049 0.039 —0.130 —0.069
Cq —0.005 —0.066 —0.014 0.009
Ce 0.007 0.038 —0.066 —0.009
N® 148 140 143 107
o (cm ') 18.3 18.3 16.2 16.2

*Numbers in parentheses represent an estimate of the uncertainty defined as the change required to
double the standard deviation.
®Number of experimental levels included in the data fits.

°rms deviation between calculated and experimental energies.
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that provide some partial (phenomenological) considera-
tion of electron-correlation effects in the 4f-
electron—crystal-field interactions. In our model, these
additional terms are related to the spin-correlated crystal-
field (SCCF) interactions described and used in previous
analyses of lanthanide 4% energy-level structures.?®™2*
Third, the results of calculated-versus-experimental
energy-level fits are reported for analyses carried out both
with and without inclusion of SCCF terms in the model
Hamiltonian.

Comparisons between calculated and observed energy
levels include the following numbers of Stark levels: 148
(Nd:YAG), 140 (Nd:YSAG), 143 (Nd:GSGG), and 107
(Nd:LLGG), with respective rms deviations of 18, 19, 17,
and 16 cm™! (from calculations performed without in-
clusion of SCCF effects). Inclusion of SCCF terms in the
parametric energy-level analyses yields modest improve-
ments in the data fits, but the results are inconclusive re-
garding the possible importance of SCCF effects in the
neodvmium garnet systems examined in this study. The
data sets for the respective systems contain a sufficient
representation of free-ion (4f3SLJ) parent states to sup-
port a reasonably good characterization of the atomic pa-
rameters in our model Hamiltonian, and the values deter-
mined for these parameters show interesting differences
among the four garnet hosts. This is the first compara-
tive study of neodymium garnet systems in which
energy-level analyses are carried out within commensu-
rate parametrization schemes (for the atomic and
crystal-field parts of the 4 f-electron Hamiltonian).

II. EXPERIMENTAL DETAILS

Part of the absorption and emission spectra of
Nd:YSAG, Nd:LLGG, and Nd:GSGG was reported ear-
lier by several authors.?°”2? That work is extended here
to include an analysis of the spectra observed in the visi-
ble and the ultraviolet regions. The spectra were ob-
tained between 10 and 15 K, using the same techniques
and instrumentation described earlier.’®”?2 The same
crystals were used with Nd** ion concentrations of 1.8
(YSAG), 1.0 (LLGG), and 1.6 (GSGG) at. wt. % based on
ions in D, lattice sites. The crystals were grown by Kok-
ta.®> To the energy levels already reported for
Nd:YAG, 'S we add new levels obtained from our
analysis of the absorption spectrum between 350 and 210
nm. The Nd:YAG crystal contained 1.1 at.wt. % Nd.
The GSGG crystal also contained 1.2 at. wt. % Cr.

Most of the Nd** ions substitute for YT, Gd*™, or
La’* ions in lattice sites having D, symmetry. The size
of the Nd3* ions, however, causes the formation of
numerous microstrains throughout the lattice’* ™37 and
limits the maximum concentration of Nd** to several
percent in the garnet structures.®® Strain broadening of
observed emission and absorption peaks has been the to-
pic of several investigations. '*1%21:3%40 Weak spectra ap-
pearing in the vicinity of strong emission or absorption
from Nd** ions in D, sites have been attributed in
several cases as coming from Nd** ions that experience a
slightly different crystal field due to lattice strains and de-

fects that arise during the growth of the crystal. 20223

8001

Our approach in analyzing the spectra has been to
identify the strongest transitions associated with an iso-
lated manifold as representative of Nd** ions in D, sites.
Wherever possible, Stark levels identified by an analysis
of hot-band data are confirmed from emission spectra ob-
tained by selectively exciting Stark levels of Nd3* ions in
D, sites using various lasers as the excitation
source.?®722 We observe electronic transitions from the
ground level to nearly all J+1 Stark levels associated
with isolated multiplet manifolds. Where several of these
multiplets overlap, we identify individual Stark levels
with the aid of the crystal-field splitting calculations. All
Stark levels are represented by the same symmetry label
(’T'5) and electronic electric- dipole and magnetic-dipole
transitions are allowed between all Stark levels of Nd**
ions in D, symmetry. '®

The results of our analyses lead to the Hamiltonian pa-
rameters and crystal-field energy levels reported in Tables
I-V. In Table IV experimental energy levels for

TABLE III. Crystal-field and unrestricted SCCF parameters.
See Sec. III of text. The B,,, and b,,, parameters are defined ac-
cording to Eq. (3). The values listed for ¢;,, were calculated

from fitted values of B,,, and b,,, according to ¢;,, =b;,, /By -
Parameter values (cm™')

Parameter Nd:YSAG Nd:GSGG Nd:LLGG
B, —794(29)* —509(18) —1242(28)
B,, —307(26) —65(17) —426(24)
By —182(41) —819(36) —193(37)
B, —2505(34) —2587(22) —1941(36)
B, —1196(43) —399(34) —980(40)
B, 2219(55) 2158(40) 1588(49)
B, 755(52) 555(40) 915(44)
B, —1029(47) —958(36) —822(43)
B 665(58) 878(42) 944(48)
by —152(37) 80(27) 45(31)
b, 149(33) —30(23) 139(30)
bag —18(27) —54(33) —19(34)
ba, 111(36) 126(24) —123(35)
bas 203(43) —289(31) 212(39)
beo —190(50) —328(36) 61(42)
bes 113(46) 51(34) —173(37)
bes —86(42) —42(32) —65(39)
beo 238(52) 68(37) —71(42)

¢y 0.191 —0.157 —0.036
¢y —0.485 0.461 —0.326
Cao 0.099 0.066 0.098
Car —0.044 —0.049 0.063
Cas —0.169 0.724 —0.216
Co0 —0.086 —0.152 0.039
Co2 0.149 0.092 —0.189
Cos 0.083 0.044 0.079
Ceo 0.358 0.077 —0.075
N® 140 143 107

o (cm™ 'y 15.7 14.6 15.3

*Numbers in parentheses represent an estimate of the uncertain-
ty defined as the change required to double the standard devia-
tion.

®Number of experimental levels included in the data fits.

‘rms deviation between calculated and experimental energies.
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TABLE IV. Energy levels of Nd** in YAG and YSAG.

Nd:YAG Nd:YSAG
Level E (cm™") E (cm™ 1)
SRl L number Expt.® Calc.¢ A (cm™) Expt.¢ Calc.® A (cm™ )

Iy 1 0 —4 4 0 9 -9
2 130 142 —12 114 118 —4
3 199 205 —6 183 195 —12
4 308 328 —20 301 310 -9
S 857 870 —13 823 838 —15
11, 6 2002 1990 12 1979 1972 7
7 2029 2017 12 2022 2003 19
8 2110 2102 8 2101 2090 11
9 2147 2140 7 2136 2134 2
10 2468 2465 3 2437 2439 —2
11 2521 2524 -3 2495 2502 —7
Tiss 12 3922 3908 14 3905 3895 10
13 3930 3916 14 3929 3908 21
14 4032 4026 6 4029 4021 8
15 4047 4041 6 4044 4039 5

16 4435 4421 14 4396
17 4442 4441 1 4419 4423 —4
18 4498 4504 —6 4478 4487 -9
“Is 1 19 5758 5756 2 5766 5766 0
20 5814 5804 10 5797 5802 -5
21 5936 5939 -3 5927 5939 —12
22 5970 5971 —1 5981 5975 6
23 6570 6557 13 6544 6526 18
24 6583 6596 —13 6560 6578 —18
25 6639 6659 —20 6622 6632 —10
26 6734 6758 —24 6711 6713 -2
Fi ) 27 11427 11421 6 11423 11409 14
28 11512 11493 19 11523 11491 32
Fs,, 29 12370 12 359 11 12382 12359 23
and 30 12432 12436 —4 12441 12449 —8
2H9/2(2) 31 12519 12451 68 12538 12 460 78
32 12575 12610 —35 12583 12613 —30
33 12 607 12 650 —43 12621 12653 —32
34 12623 12693 —70 12637 12 696 —59
35 12819 12811 8 12 825 12 807 18
36 12 840 12856 —16 12 860 12 845 15
‘Fy . 37 13363 13364 —1 13367 13373 —6
and 38 13433 13440 -7 13441 13448 -7
WIPS 39 13563 13555 8 13570 13563 7
40 13572 13572 0 13580 13580 0
41 13596 13596 0 13602 13 602 0
42 13633 13 646 —13 13642 13650 —8
6FQ/Z 43 14 626 14 643 —17 14630 14641 —11
44 14678 14 685 -7 14 695 14693 2
45 14793 14779 14 14786 14770 16
46 14819 14815 4 14834 14 830 4
47 14916 14914 2 14939 14935 4
2H\, ,(2) 48 15838 15898 —60 15860 15901 —41
49 15870 15920 —50 15886 15924 —38

50 15946 15950
51 15957 15956 1 15960 15957 3
52 16103 16037 66 16093 16033 60
53 16119 16067 52 16124 16 065 59
4G5/z 54 16 849 16 848 1 16 880 16 880 0
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TABLE 1V. (Continued).
Nd:YAG Nd:YSAG
Level E (cm™") E (cm™")
s+ number Expt.® Calc.” A (cm™h) Expt.9 Calc.* A (cm™")
55 16992 16978 14 17010 16985 25
56 17047 17054 -7 17 065 17069 —4
G, , 57 17241 17220 21 17262 17244 18
58 17268 17275 -7 17 286 17292 —6
59 17322 17302 20 17331 17319 12
60 17575 17 594 -19 17587 17612 —25
G4, 61 18723 18709 14 18755 18 741 14
62 18822 18831 -9 18839 18 844 -5
63 18 843 18863 —20 18 864 18872 -8
64 18986 18987 -1 18997 19006 -9
2K 132 65 19154 19133 21 19179 19 148 31
and 66 19262 19309 19285 24
Gy, 67 19294 19317 —23 19350 19336 14
68 19421 19429
69 19470 19 448 22 19 455 19 442 13
70 19499 19513 19521 —8
71 19543 19555 -12 19589 19564 25
72 19596 19593 3 19 627 19614 13
73 19651 19 660 -9 19677 19678 —1
74 19814 19823 -9 19810 19818 -3
75 19 870 19 892 19 867 25
76 20048 20026 22 20088 20065 23
2Gy (1), 77 20730 20719 11 20747 20745 2
2D, (1), 78 20773 20797 —24 20790 20817 —27
‘G112 79 20790 20819 —29 20812 20844 -32
and 80 20803 20833 -30 20825 20849 —24
K152 81 20962 20954 8 20995 20977 18
82 21029 21011 18 21016
83 21057 21057 21077 —20
84 21080 21072 8 21110 21099 11
85 21159 21141 18 21133 21151 —18
86 21162 21152 10 21177 21162 15
87 21491 21492 21483 9
88 21522 21514 8 21528 21510 18
89 21593 21608 —15 21608 21618 -10
90 21661 21664 -3 21697 21687 10
91 21697 21709 -12 21706 21719 —13
92 21767 21754 13 21772 21775 -3
93 21791 21782 9 21801 21798 3
94 21851 21866
95 21872 21866 6 21877 21879 -2
96 21906 21906 0 21925 21912 13
97 22036 22043 -7 22070 22079 -9
P, 98 23155 23135 20 23170 23160 10
D5 (1) 99 23674 23685 —11 23663 23670 -7
100 23764 23764 0 23759 23766 -7
101 23849 23838 11 23878 23857 21
2P3,2 102 25994 26026 —32 25981 26017 —36
103 26085 26098
"Dm, 104 27571 27550 21 27594 27 555 39
“DS/Z 105 27 670 27683 —13 27 708 27703 5
106 27809 27818 -9 27 855 27836 19
107 28183 28182 1 28201 28185 16
108 28263 28272 -9 28280 28304 —24
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TABLE 1IV. (Continued).
Nd:YAG Nd:YSAG
evel E (cm ) E (em™")
SRR nIt;mber Expt.” Calc.¢ A (cm™") Expt.¢ Calc.© A (cm™")
4D1/z 109 28 359 28374 —15 28417 28410 7
2 28 601 —21 28571 28573 -2
e H(x) ig sssgg 28819 ~19 28794 28821 ~27
12 28930 28957 —27 28986 28989 -3
113 29 140 29124 16 29104 29108 —4
114 29270 29258 12 291282 29289 =7
115 29360 29366 —6 29377 29364 13
Lis), 116 29715 29712 3 29709 ;g 332 *
“D7/2, 117 29876 29 867 9
and 118 29 880 29 881 —1 29878 29883 -5
2L s s 119 29920 29917 3 29918
120 29953 29952 1 29940 29947 -7
121 30048 30026
122 30070 30057 13 30048 30042 6
123 30 140 30121 19 30100
124 30160 30147 13 30157 30162 -5
125 30190 30198 —8 30203
126 30230 30233 -3 30287
127 30289 30283 6 30294 30298 4
128 30360 30350 10 30340 30367 —27
129 30400 30389 11 30416
130 30464 30442 22 30479
131 30495 30495 0 30534 30519 15
132 30547 30550 -3 30581 30583 —2
133 30611 30593 18 30606
134 30620 30611 9 30665 30624 41
2Ly, 135 31247 31220
136 31393 31336
137 31440 31459 —19 31437 31458 —21
138 31530 31525 5 31516 31512 4
139 31570 31567 3 31546 31545 1
140 31585 31583 2 31586 31572 14
141 31665 31667 -2 31676 31678 -2
142 31795 31820
143 31885 31927
’H, (1) 144 32613 32621 —38 32584 32580 4
145 32662 32662 0 32658 32653 5
146 32745 32730 15 32701 32708 -7
147 32802 32801 1 32755 32775 —20
148 32840 32835 5 32798 32791 7
D, ,(2) 149 32980 32966 14 33014 33008 6
150 33045 33056 —11 33091 33091 0
2D5/2(2) 151 33693 33699 —6 33750 33765 —15
and 152 33783 33834
2H”/z(l) 153 33840 33830 10 33898 33864 34
154 34050 34071 —21 34083 34077 6
155 34110 34123 —13 34129
156 34210 34170 40 34176 34 164 12
157 34260 34256 4 34246 34246 0
158 34290 34333 —43 34 341 34 346 -5
159 34475 34432
2Fs,5(2) 160 37789 37799 —-10 38110 38105 5
161 37900 37920 —20 38256 38226 30
162 38065 38043 22 38376
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TABLE IV. (Continued).
Nd:YAG Nd:YSAG
Level E (cm™") E (cm™ )
WA e number Expt.® Calc.¢ A (cm™!) Expt.? Calc.* A (cm™Y)
2F;,,(2) 163 39202 39232 —30 39479 39514 —35
164 39251 39560
165 39330 39312 18 39615
166 39553 39844
3Gy ,5(2) 167 47000 47028
168 47010 47043
169 (47 200) 47170 47222
170 47247 47293
171 47266 47314
“Identifies energy regions according to principal SLJ parentages.
®Levels 1-106, Ref. 14; levels 107166, present study and Refs. 17 and 19.
°From calculations based on the Hamiltonian parameters listed in Table I (no SCCF).
dLevels 1-60, Ref. 21; levels 61166, present study.
TABLE V. Energy levels of Nd** in LLGG and GSGG.
Nd:LLGG Nd:GSGG
Level E (cm™ ') E (cm™')
WSHlp e number Expt.® Calc.© A (cm™!) Expt.¢ Calc.© A (cm™Y)
s 1 0 —1 1 0 —31 31
2 102 105 -3 106 120 —14
3 187 196 -9 168 190 —22
4 287 305 —18 263 263 0
5 710 724 —14 763 768 =5
N A 6 1962 1956 6 1980 1964 16
7 2003 1996 7 2004 1983 21
8 2097 2093 4 2968 2064 4
9 2129 2126 3 2103 2114 —11
10 2347 2340 7 2391 2387 4
11 2416 2427 —11 2432 2443 —11
T 12 3899 3891 8 3908 3893 15
13 3920 3907 13 3917 3899 18
14 4040 4033 7 4000 4000 0
15 4059 4051 8 4012 4026 —14
16 4315 4318 -3 4359 4345 14
17 4338 4334 4 4372 4381 -9
18 4407 4416 -9 4412 4429 —17
1,5, 19 5783 5779 4 5778 5759 19
20 5818 5818 0 5813 5816 -3
21 5959 5965 —6 5913 5932 —19
22 6009 6011 -2 5954 5956 —2
23 6450 6451 -1 6497 6475 22
24 6481 6486 =5 6510 6536 —26
25 6526 6528 -2 6557 6559 -2
26 6603 6609 —6 6643 6644 -1
‘Fy 27 11417 11413 4 11432 11431 1
28 11534 11539 -5 11494 11476 18
*Fe ) 29 12402 12375 27 12 354 12 350 4
and 30 12477 12458 19 12 390 12397 -7
*H, 5 (2) 31 12567 12 496 71 12 405 12432 —27
32 12 598 12 602 —4 12 544 12550 —6
33 12 625 12639 —14 12 586 12617 —31
34 12 659 12 695 —36 12618 12 642 —24




8006 JOHN B. GRUBER et al. 41

TABLE V. (Continued).

Nd:LLGG Nd:GSGG
Level E (cm™Y) E (cm™")
SHIL,e number Expt.” Calc.© A (em™h) Expt.¢ Calc.© A (em™)
35 12817 12788 29 12745 12734 11
36 12 850 12837 13 12793 12762 31
‘Fy) 37 13375 13359 16 13374 13384 —10
and 38 13462 13456 6 13430 13426 4
Sy, 39 13582 13571 11 13555 13 549 6
40 13 587 13593 —6 13566 13567 —1
41 13 602 13612 —10 13573 13569 4
42 13 648 13 664 —16 13611 13617 —6
‘Fy ) 43 14 645 14 656 —11 14 639 14632 7
44 14717 14733 —16 14673 14 651 22
45 14775 14751 24 14791 14758 33
46 14 852 14 858 —6 14810 14832 —22
47 14964 14973 -9 14902 14906 —4
H, 52 48 15901 15929 —28 15860 15851 9
49 15926 15958 —32 15865 15 860 5
50 15978 15890 15887 3
51 15991 15990 1 15900 15895 b)
52 16093 16043 50 15967 15975 —8
53 16 129 16085 44 16 020 15989 31
*Gs, 54 16951 16952 —1 16910 16913 —3
55 17042 17042 0 17 008 16997 11
56 17116 17111 S 17 140 17137 3
2G4,y 57 17239 17230 17239 -9
58 17292 17284 17298 —14
59 17 324 17320 4 17338 17 349 —11
60 17586 17576 10 17593 17614 —21
4G4, 61 18 825 18 806 19 18773 18755 18
62 18917 18909 8 18 854 18 840 14
63 18935 18934 1 18 884 18 892 —8
64 19032 19027 5 19004 19016 —12
K13 65 19 142 19081
and 66 19318 19207 19180 27
*Gy )y 67 19 361 19368 -7 19335 19352 —17
68 19410 19407 3 19379 19384 -5
69 19469 19 468 1 19412 19434 —22
70 19538 19 488 19476 12
71 19555 19521 19521 0
72 19599 19634 —35 19592 19 590 2
73 19 650 19 665 —15 19 652 19 642 10
74 19716 19738 —22 19735 19734 1
75 19 806 19776 30 19 824 19 827 -3
76 20081 19 895 19 896 —1
2Gy (1), 77 20833 20813 20 20730 20725 5
2D, (1), 78 20859 20879 —20 20797 20800 -3
“Gyy 79 20886 20894 -3 20846 20841 5
and 80 20912 20915 -3 20858 20845 13
K., 81 21057 21058 —1 20980 20985 -5
82 21065 21043 21040 3
83 21119 21126 -7 21096 21095 1
84 21182 21184 —2 21146 21136 10
85 21245 21247 -2 21207 21202 5
86 21258 21255 3 21260 21267 —7

87 21378 21340 21350 —10
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TABLE V. (Continued).

Nd:LLGG Nd:GSGG
Level E (cm™ ) E (cm™)
WSHIL,e number Expt.® Calc.° A (em™h) Expt.? Calc.* A (cm™)
88 21468 21484 —16 21425 21426 —1
89 21608 21610 —2 21518 21532 —14
90 21650 21586 21589 -3
91 21668 21660 21654 6
92 21758 21752 6 21714 21700 14
93 21775 21774 21776 -2
94 21791 21 800 -9 21 825 21818 7
95 21854 21 885 21899 —14
96 21882 21861 21 21914 21912 2
97 22114 22088 26 22006 21965 41
P, ,, 98 23218 23236 —18 23163 23 141 22
D55 (1) 99 23674 23663 11 23680 23673 7
100 23 804 23814 —10 23760 23764 —4
101 23941 23963 —22 23810 23799 11
Py, 102 26178 26 161 17 26 140 26173 —33
103 26333 26231
*Ds ), 104 27626 27 580 27576 4
and 105 27816 27796 20 27 689 27716 —27
*Ds 106 27980 27970 10 27836 27 826 10
107 28241 28224 17 28 159 28 149 10
108 28377 28 396 —19 28284 28280 4
‘D, 109 28522 28575 —53 28335 28331 4
2 110 28611 28500 28501 —1
111 28910 28907 3 28677 28677 0
112 29 146 29135 11 28859 28 841 18
113 29175 29018 29036 —18
114 29391 29153
115 29455 29419 36 29250 29240 10
2L 116 29614 29856 29851 5
‘D, 117 29804 29878
and 118 29 895 29908 —13 29900 29893 7
S 119 29971 29932 29927 5
120 30003 29992 11 29958 29961 -3
121 30065 30000 30013 —13
122 30108 30059 30040 19
123 30175 30195 —20 30073 30101 —28
124 30237 30120 30127 -7
125 30292 30151
126 30414 30405 9 30180 30181 —1
127 30438 30210 30229 —19
128 30442 30265 30287 —22
129 30504 30308 30311 -3
130 30584 30359 30377 —18
131 30629 30404
132 30673 30431 30438 —7
133 30694 30692 2 30454 30458 —4
134 30779 30761 18 30510 30506 4
L1, 135 31116 31384 31372 12
136 31257 31450 31469 —19
137 31474 31470 31487 —17
138 31535 31522 31541 —19
139 31585 31613 —28 31570 31553 17
140 31697 31662 31631 31

141 31824 31720 31711 9
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TABLE V. (Continued).

Nd:LLGG Nd:GSGG

Level E (cm™!) E (cm™1)

WISHp e number Expt.° Calc.© A (cm™! Expt.¢ Calc.© A (cm™!)
142 31981 31800 31802 -2
143 32181 31878

H, (1) 144 32751 32550 32558 —8
145 32893 32634 32646 —12
146 32945 32686 32683 3
147 33004 32713 32716 -3
148 33053 32797 32777 20

D, ,,(2) 149 33091 33111 —20 33300 33311 —11
150 33252 33373

2D5/1(2) 151 33874 33860 33861 —1
152 33979 33991 —12 33872
153 34007 33986

ZH”/Z(I) 154 34246 34215 31 34092
155 34 327 34120
156 34335 34163
157 34 388 34416 —28 34 348
158 34503 34 400
159 34 606 34417

“Identifies energy regions according to principal SLJ parentages.
®Levels 1-73; Ref. 20; levels 74— 157, present study.

“From calculations based on the Hamiltonian parameters listed in Table I (no SCCF).

YLevels 1-47; Ref. 22; levels 48—151, present study.

Nd:YAG (levels 1-106) are taken from Kaminskii'* since
most of our results agree with his to within experimental
error. Levels 107 to 166 come from the present study
and are supported by the data of Gorban et al.!” and
Hua et al.'® For Nd:YSAG experimental energy levels
1-60 (see Table 1V) are taken from Ref. 21 and levels
61-165 come from the present study. In Table V the ex-
perimental energy levels 1-73 (Nd:LLGG) are taken
from Ref. 20 and levels 74—157 derive from the present
study. For Nd:GSGG experimental energy levels 1-47
come from Ref. 22 and levels 48-151 come from the
present study.

III. ENERGY-LEVEL CALCULATIONS

The model Hamiltonian used in this study may be writ-
ten as

A=H,+H , 1

v,v\here ﬁ is defined to incorporate the isotropic parts of

H (including the spherically symmetric part of the 4f-
electron-crystal-field interactions), and ﬁ cr is defined to
represent the nonspherically symmetric _components of
the even-parity crystal field. We refer to H as the atomic
Hamiltonian and call ﬁ cr the crystal- ﬁeld Hamiltonian.
The H operator is defined as

H,=E, + 3 F*f, +al(£+1)+BG(G,)+7G(R,)
k

FETL Ao At B P'pe+ I M, (@)
! < J
where k=2,4,6;i=2,3,4,6,7,8; j=0,2,4; and the operators
(0) and their associated parameters are written according
to conventional notation and meaning (with respect to
the interactions they represent). *! ~4
The crystal-field Hamiltonian is defined as

=3 3 (B, +binS 3,0y, (1), 3)

kom i

where i labels the 4f electrons; Uy, (i) is a one-electron
unit-tensor operator; S and 3, , denote total spin and one-
electron spin operators, respectlvely, B,,, denotes a stan-
dard (one-electron) crystal-field parameter; and by,
denotes a SCCF parameter. In D, symmetry, all of the
crystal-field parameters may be chosen real and both the
{Bim | and {by,, ] sets in Eq. (3) may be defined in terms
of nine independent parameters: (k,m)=(2,0), (2,2), (4,0),
(4,2), (4,4), (6,0), (6,2), (6,4), and (6,6). The SCCF part of
Al provides a phenomenological representation of
crystal-field correlation effects attributable to differences
in the crystal field seen by 4f electrons with different
spins (s;) relative to the direction of the total 4 f-electron
spin (S=3,5;).>° The phenomenological SCCF model



has been used in a number of recently reported analyses
of lanthanide 4f" state structure in crystalline environ-
ments, although conclusions regarding its importance
and utility remain speculative.?® ™3

All energy-level calculations were carried out by di-
agonalizing the total (atomic + crystal-field) Hamiltoni-
an within the complete SLJM, basis set of the 4/ elec-
tronic configuration. In our parametric fits of calculated
to experimental data, 16 of the 20 parameters in I?a [see
Eq. (2)] were used as independent fitting variables. Four
of the atomic parameters, M2, M*, P* and P®, were con-
strained according to M?=0.56M° M*=0.38M°,
P*=0.75P2%, and P®=0.50P2. The crystal-field Hamil-
tonian A % was treated in three different ways in our
fitting calculations: (1) no SCCF, all b,,, parameters
were set equal to zero, and only the nine B,,, parameters
were used in the calculations; (2) restricted SCCF, the
b, parameters were replaced by c, =b,,, /By, in Eq.
(3), and data fits were performed using the nine B,,, pa-
rameters and three c;, (k=2,4,6) parameters as fitting
variables; (3) unrestricted SCCF, all nine B,,, and by,,
parameters were allowed to independently vary in per-
forming fits. The restricted SCCF treatment (2)
suppresses m-dependence in the b, /B,,, ratios.

Values of the Hamiltonian parameters derived from
analyses in which no SCCF effects were included are list-
ed in Table I for each of the neodymium garnet systems
examined in this study. Also given in Table I are the
numbers of energy levels included in our calculated-
versus-experimental data fits and the rms deviations (o)
between calculated and experimental results. Calculated
eigenenergies, based on the Hamiltonian parameters of
Table I, are listed in Tables IV and V alongside the corre-
sponding experimental values. The parameter values
shown in Table I represent the distillate of a calculational
scheme in which many different starting parameter sets
(and subsets) were used in testing convergence of fits to
the final values and in which differences between the re-
sults obtained for the four systems were thoroughly test-
ed for reproducibility (when starting from a variety of
points in the parameter space of the model). The latter
tests were of particular importance because the results
listed in Table I show quite significant differences be-
tween the systems (in several of the atomic and crystal-
field parameters).

The results obtained from our restricted SCCF analyses
are very similar to those obtained with no SCCF. The
atomic parameters are essentially identical to those given
in Table I, the B, values (listed in Table II) are not
significantly different, and the values obtained for the c,
parameters are small (see Table II). Inclusion of the re-
stricted SCCF parameters, ¢, in our calculations reduces
the o values of the fits only slightly, and it has no special
effects within any particular multiplet manifold.

Data analyses carried out within our uwunrestricted
SCCF parametrization scheme produced atomic parame-
ters essentially identical to those given in Table I, but
many of the B,, crystal-field parameters were altered
and the rms deviations (o values) in the data fits were im-
proved over those shown in Table I. The B,,, and by,
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parameter values obtained from these fits are listed in
Table III along with cy,, =b,,, /B;,, ratios and o values.
No results are shown for the Nd:YAG system. In our
analysis of this system, we encountered parameter stabili-
ty and interaction (correlation) problems that could not
be resolved satisfactorily. The parametric analyses car-
ried out on experimental data sets of Nd:YSAG,
Nd:GSGG, and Nd:LLGG were well behaved in a sta-
tistical sense, although several of the c;, ratios deter-
mined for these systems have magnitudes that are prob-
ably “‘unphysical” (too large). This is particularly ap-
parent in the c¢,, and c4 values shown in Table III.
Furthermore, the c;,, ratios exhibit a strong m depen-
dence, which is counter to predictions of the superposition
model of lanthanide crystal fields. *

Complete sets of calculated eigenenergies based on the
crystal-field parameters listed in Table III are not
presented in this paper, but are available upon request.
The most significant differences between these eigenener-
gies and the calculated energies shown in Tables IV and
V are found in the following multiplet manifolds: *I,
(in GSGG and LLGG); *Fs,,, H,,, (in YSAG and
LLGG); ’°H,, ,, (in YSAG and GSGG); *K 5, (in YSAG
and GSGG); and %L, ,, (in YSAG). A comparison of re-
sults for the 2H, ,(2) multiplet manifold of Nd:YSAG
and Nd:LLGG is given in Table VI. The observed
crystal-field splittings within this multiplet manifold have
proved to be notoriously difficult to fit for a number of
Nd3* systems,“"_48 and we encountered similar dif-
ficulties in the present study. The results presented in
Table VI show that inclusion of SCCF terms in our phe-
nomenological Hamiltonian yields some modest improve-
ment in calculated-versus-experimental data fits within
the H, ,,(2) multiplet manifold, but the fits still remain
unsatisfactory. Similar results were obtained for the
Nd:YAG and Nd:GSGG systems. With respect to
overall quality of fits (for complete experimental data
sets), the results obtained for Nd:YSAG show the most
significant improvement with inclusion of SCCF terms.

IV. DISCUSSION

Crystal-field energy-level analyses have been reported
previously for each of the neodymium garnet systems ex-
amined in this study. However, those analyses were re-
stricted to subsets of energy levels associated with J-
multiplet manifolds lying below 18000 cm™!, and they
were based on a calculated-to-experimental energy-level
fitting procedure somewhat different from the one em-
ployed in the present study. Intermediate-coupling
f[SL)J wave functions were calculated using the free-
ion Hamiltonian (and parameters) reported by Carnall
et al.* for Nd*" (aquo) ions, and these wave functions
were then used as basis functions in the crystal-field
energy-level calculations. Calculated-versus-experimen-
tal data fits were performed by treating the nine B,,, pa-
rameters of the D, crystal-field Hamiltonian as free vari-
ables while also permitting the centroids of the [SL]J
multiplets to vary freely. This procedure is very effective
in optimizing fits of calculated-to-observed crystal-field
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TABLE VI. Calculated and observed crystal-field splittings within the 2H , ,(2) multiplet manifold of Nd:YSAG and Nd:LLGG.

Level Expt. Calc. (no SCCF)® Calc. (with SCCF)*
number? E (cm™) M, |4 E (cm™) AE (cm™') M, |4 E (cm™") AE (cm™')®
Nd:YSAG

48 15860 1 15901 —41 2 15888 —28

49 15886 2 15924 —38 2 15910 —24

50 2 15950 1 15947

51 15960 3 15957 3 2 15967 -7

52 16093 3 16033 60 3 16043 50

53 16124 u 16 065 59 U 16075 49
(0 =45) (0=34)

Nd:LLGG

48 15901 1 15929 —28 1 15925 —24

49 15926 3 15958 -32 3 15949 —23

50 7 15978 2 15975

51 15991 3 15990 1 : 15992 -1

52 16093 H 16043 50 3 16050 43

53 16129 4 16 085 44 u 16079 50
(o0=35) (o0=33)f

2Same numbering as in Tables IV and V.
®Calculations based on Hamiltonian parameters listed in Table I.

Calculations based on Hamiltonian parameters listed in Table III.

9Identifies principal M, component of eigenvectors.

¢Difference between experimental and calculated energies (in cm ™ ').

rms deviation between calculated and experimental energies.

splittings within relatively isolated and distinct multiplet
manifolds, and it yields quite favorable rms deviations for
energy levels associated with most of the 13 multiplet
manifolds lying below 18000 cm ! (a persistent excep-
tion is the H, ,,(2) manifold). However, this procedure
is not suitable for fitting energy levels in regions where
multiplet manifolds are very close (or overlapping) and
where [SL]J parentages are indistinct. In these regions,
adjustable atomic (free-ion) Hamiltonian parameters are
crucial for achieving satisfactory data fits. In our analy-
ses of energy levels up to 40000 cm ™! (for Nd:YAG and
Nd:YSAG) and 35000 cm~! (for Nd:LLGG and

Nd:GSGG), we used 16 of the 20 parameters in our
atomic Hamiltonian [see Eq. (2)] as fitting variables along
with the crystal-field parameters.

Comparisons between crystal-field parameters derived
from the present analyses (without inclusion of SCCF)
versus those reported previously for the respective sys-
tems are given in Table VII. The only major discrepan-
cies between the present versus previously reported pa-
rameter values are found in the Nd:GSGG parameter set,
particularly among the rank-4 parameters. If we restrict
our analysis only to the lowest 60 levels of Nd:GSGG, we
obtain parameter values that closely match those report-

TABLE VII. Comparison of crystal-field parameters obtained from present vs previous analyses. All parameter values are given

in cm ™!, and the parameters are defined according to Eq. (3) in the text. Parameter values taken from the literature were converted
to the appropriate unit-tensor basis (see Table 4 of Ref. 15).

Nd:YAG Nd:YSAG Nd:GSGG Nd:LLGG
Parameter Present® Ref. 15° Present?® Ref. 21 Present? Ref. 22 Present?® Ref. 20
B —690 —702 —819 — 804 —467 —568 — 1265 —1201
B,, — 158 —176 —224 —56 —117 —104 —361 —281
By —343 —409 —206 —-217 —907 —60 —114 —91
B, —2401 —2262 —2473 —2118 —2482 —2001 —2006 —1861
By, —1094 —1072 —988 —1347 —652 —1106 —819 — 882
B 2315 2174 2040 2069 1734 1937 1729 1718
B, 922 974 878 1028 567 857 792 777
Bgs —1124 — 1069 — 1087 — 1018 —1035 —993 —811 — 804
B 836 917 824 782 1030 819 830 783
N¢ 148 41 140 51 143 45 107 44

*From Table I of the present paper.
®From parameter set 1 in Table 6 of Ref. 15.
‘Number of experimental levels fitted in parametric energy-level analyses.



ed in Ref. 22. However, calculations based on these pa-
rameter values give poor fits of the higher energy levels
located for NG:GSGG.

The atomic parameter values listed in Table I for
Nd:YAG and Nd:YSAG are generally quite similar to
those reported previously for Nd:LaCl,,**
NdAIO,;,*® Nd(C,HS0,);-9H,0,*® and Na,[Nd(oxydi-
acetate);-NaClO,-6H,0.*” However,
significant differences between these parameter values
and those listed in Table I for Nd:GSGG and Nd:LLGG.
The most notable differences are seen in the F* F®, T2
and T® parameters. This differentiation between the
aluminum versus gallium garnet systems might be attri-
butable to the relative substitutional site volumes (for
Nd** ions) in the respective lattice structures. The sub-
stitutional sites in the gallium garnet lattice are larger
than those in the aluminum garnet lattice.?>»3%37 It is in-
teresting to note, however, that the crystal-field parame-
ter values listed in Table I do not show a clear-cut
differentiation between the aluminum and gallium garnet
systems. In fact, the largest differences between crystal-
field parameters are found for the Nd:GSGG versus
Nd:LLGG systems.

Rationalization of the differences between the Hamil-
tonian parameters derived for the respective systems (in
terms of detailed structural and mechanistic considera-
tions) was beyond the scope of this study. Calculations
based on the semiempirically derived parameter sets yield
reasonably good agreement between calculated and ob-
served energy levels up to 34000 cm™~'. This suggests
that the phenomenologically determined parameter
values might be suitable for detailed analysis in terms of
crystal-field structure and interaction mechanisms. How-
ever, more stringent tests of the parametric Hamiltonians
are needed, particularly with respect to the quality of
their eigenvalues. Quantitative line-strength analyses for
optical transitions between Stark levels would be of con-
siderable help in this regard.*”%' ¢ Quantitative intensi-
ty analyses of multiplet-to-multiplet transition manifolds
have been reported for a number of neodymium garnet
systems. However, line-strength data for transitions be-
tween individual Stark levels remain sparse. We have

there are some:
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measured line strengths for 86 crystal-field transitions in
Nd:YAG and are analyzing these data in terms of a para-
metric intensity model applied previously to other
lanthanide systems.*”31% Successful application of this
model is critically dependent on having accurate crystal-
field state vectors. Preliminary results from our analyses
of the Nd:YAG intensity data indicate that the state vec-
tors generated by the Hamiltonian parameters listed in
Table I for Nd:YAG provide a quite satisfactory basis for
transition line-strength analysis and interpretation. *’

Comparative energy-level analyses were the principal
focus of the study reported here. These analyses were
based on a parametric Hamiltonian for the 4 electronic
configuration of Nd3* jons in crystal sites of D, symme-
try, and they permitted a phenomenological characteriza-
tion of both atomic and crystal-field Hamiltonian param-
eters. This characterization is a necessary precursor to
more detailed studies and analysis of optical properties
and processes associated with transitions between Stark
levels in neodymium garnet systems. Inclusion of spin-
correlated crystal-field (SCCF) effects in our energy-level
analyses must be viewed primarily as an exploratory ex-
cursion that produced interesting, but inconclusive, re-
sults. The possible importance of these effects remains
unclear, and our results suggest that they merit further
investigations.
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