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Crystal-field splitting of some quintet states of TB* in aluminum garnets
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A detailed crystal-field splitting analysis is reported for the quintet st2les °G;, and®L; of Th3* (4f8)
in the garnets YAls0;,(YAG) and ThAls0;5(TbAG). In both garnets we assume thaf Thons occupy sites
of D, symmetry in the cubic structure. We have analyzed the optical spectr& 6ftEtween 487 and 349 nm.
The absorption spectrum consist of transitions from the ground-state multiplet marfifgldto individual
energy (Stark levels of the®D,, ®Dj, 5Gg, ®Lyg, °Gs, °D,, °G,, and °Ly multiplet manifolds. An
algorithm used successfully by some of us earlier to analyze the spectra®o{Zf%) in YAG is helpful in
the present study to establish the crystal quantum labg($1=1,2,3,4) for individual Stark levels. A lattice-
sum model is used to determine an initial set of crystal-field splitting param&gfs,A combined free-ion
and crystal-field Hamiltonian is diagonalized for the quintet and septet states. Considerable crystal-field mixing
is found among all the quintet states investigated. A least-squares fitting analysis between 130 experimental-
to-calculated Stark levels for b in YAG gave a rms deviation of 9 cht. A least-squares fitting analysis
between 136 experimental-to-calculated Stark levels for Tih ThAG gave a rms deviation of 10 cih
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I. INTRODUCTION cence from TB™:YAG in a magnetic fieldMCPL)?° and
results obtained for Zeeman splittings of UV states of
The magneto-optical properties of 4% in  Tp3*:YAG (Ref. 7) and TB*: ThsAl ;0,5 ThAG)? have ne-
Y3Als01(YAG) and in the garnet T{AIsO1(TOAG) have  cessitated a detailed crystal-field analysis of the quintet states
received detailed attention in recent years since TOAG hasp | 5G,, and 5L, of Th®*(4f®). Of great assistance to
been used with success as an optical Faraday d&Vidde g analysis has been the earlier work by Bayeteal 1 on

and others have reported usingsRb;0,, as & Compact 0p-  he interpretation of the splitting of théF, multiplet of
tical isolator having over 30 dB isolation with 0.2 dB for- T3 in YAG

ward loss and with an optical range from 470 to more than

530 nm>° Further possible applications have led us to an,
indepth study of the crystal-field splittings of the energy Iev—thbt. lude th ltilet foldSD . 5D.. 5G. 5L
els of the ultraviole{UV) quintet states of Th' (4f8) in the atinclude the mutiplet manito’dsbg, “Ls, "6, “Lio,

5 5 5 5 3+ 8 H g
garnet system, which have received relatively little attention ©5: D2+ ~Ga, and °Lg of Tb™"(4f"). Using a lattice-
over the year&®-15accept for an earlier analysis of the split- SU™M model to predict an initial set of crystal-field param-

ting of the ’F, multiplet manifold by Bayereet al® e_ters,Bnm,_ we first calculated the splittinglé)f t_hél:J mul-
Different theoretical models have been advanced to extiPlet manifolds as reported by Bayeretral™ With modest
plain the optical and magnetic behavior of the rare earth ion@djustment to the lattice-sum parametds,,, we predicted
(R®") in RyAlsO;, and the cooperative effects between theboth the Stark splitting and the symmetry labgl, I';, T's,
R3" ions}~2°The electric field gradient at the®R site in  or I', for each experimental Stark level they reportsde
R;Al0,, has been calculated and compared with experimentable ). Using a transformation of coordinates, we find
for a number of example¥,and a superposition model of agreement between our symmetry label assignments and the
crystal fields was used by Newman and Stedman foB,, parameters reported by Bayeretall® We then ex-
Er;Als0;,.1® Korolkov and MakhaneR analyzed an panded our analysis to include the Stark levels observed in
overlap-local coordination model for TAI;O;, and the °Dj, °G;, and °L; multiplet manifolds along with the
Dy3Als0,,, but obtained limited success. To this list we observed splitting of th€ F; manifolds. Using a combined
could add molecular orbital theory methods to interpret thefree-ion and crystal-field Hamiltonian, the entire energy ma-
effects of & orbitals on the UV spectra of R ions in  trix for the septet and quintet states of*Ti§4f%) was then
R;Al;0;,,° but the fact remains that a detailed identificationdiagonalized. We carried out a least-squares fitting analysis
of individual energy(Stark levels still needs to be done for for observed and calculated Stark levels and determined the
the R energy levels in the UV, especially for ions &d symmetry label appropriate for each Stark level of Thn
Tb®**, and Dy*" in garnet hosts. YAG and TbAG. The wave functions generated from these
Recent studies reported on circular polarized luminesanalyses have been used successfully to interpret the mag-

In the present study, we report the absorption spectra of
3% in YAG and T in TbAG between 487 and 349 nm
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TABLE I. Splitting of “F; manifolds of TB* (48) in Y3AI;0;, and TRAIO;,.

E (cm™) obsP E (cm™ %) calc® E (cm™1) obs¢ E (cm™ %) calc® r,f Percent mixing of free-
Manifold? Th:YAG Th:YAG TbAG TbAG TbAG ion states TbAG

Fq 0 0 0 2 1 99.7F¢+0.16 F,+0.117F4

(315 3 5 2 5 3 99.7F¢+0.16 F5+0.15F,

65 60 74 71 4 99.6-5+0.38F5+0.03F,

73 72 84 79 2 99.5,+0.43F5+0.03F,

211 212 186 1 99/ ,+0.03F5+0.0T'F,

212 214 187 2 99/F s+ 0.01'F, +0.0TF4

263 260 263 270 1 966 +3.03F:+0.20F,

314 303 322 305 3 96/Fs+2.73F5+0.27F4

379 372 373 384 4 966+ 2.56 F5+0.45F,

451 453 2 97.F 4+ 1.40F5+1.20F,

458 465 460 455 3 96F +2.53F;+0.26F,

468 471 470 469 4 96%F ¢+ 2.28 F;+0.43F,

488 496 1 97.%F ;+2.19F,+0.16 F¢

Fg 2116 2118 2119 2115 2 9955+ 0.26 Fg+0.18'F,

(2338 2128 2129 2134 2138 4 99R:+0.58F5+0.18'F,

2150 2148 2147 2145 1 995B;+0.34F,+0.16 F¢

2150 2149 2177 2182 3 99B:+0.24F4+0.22F,

2179 2173 2209 2203 2 99R:+0.27F,+0.20F

2331 2331 2349 2347 2 94B:+2.23F,+1.66F,

2355 2363 2375 2377 4 94P:+1.90F,+1.43F¢

2388 2391 2402 2408 3 97P+4.73F ,+1.84F¢

2475 2478 2495 1 91765+ 3.14F ,+ 2.50F

2583 2597 4 93.F;+2.30F,+2.09F¢

2585 2618 2607 3 94'E +2.24F+2.09F,

= 3368 3364 3375 3378 4 955, +3.00F;+0.80F¢

(3587 3376 3367 3388 3385 3 99B,+0.29F5+0.27F4

3392 3386 3399 3393 2 97B,+1.77F3+0.30F¢

3425 3416 3411 3410 1 97H,+1.94F5+0.37F,

3493 3491 3517 3517 1 99®,+0.60F5+0.217F,

3605 3615 3621 3626 4 91®.,+3.79F;+2.00F,

3683 3687 3703 3702 3 83R,+11.5F;+3.04F¢

3714 3719 3732 3736 2 89F,+7.24F;+1.09F¢

4036 4051 4043 4056 1 84H,+7.03F3+5.47F,

Fq 4354 4345 4368 4367 2 97H;+2.66F,+0.11F,

(4548 4429 4451 4501 4487 1 78”3+ 16.2F,+6.21F,

4502 4500 4519 4518 3 84R,+10.8F,+3.5TF,

4544 4540 4554 4557 4 84R,+9.90F,+4.39F,

4609 4601 4617 4617 4 87B,+4.47F,+3.55F,

4649 4651 4677 4684 3 84B,+6.74F,+456F,

4674 4677 4688 4691 2 798,+8.39F,+8.36F,

F, 5020 5031 5030 5023 1 98.2F,+0.77F ,+0.60F,

(5231 5029 5039 5062 5054 2 945, +3.63F;+1.44F,

5552 5543 5550 5552 1 77B,+14.3F;+3.75F,

5595 5590 5593 5606 4 83H,+11.6 F3+2.66F5

5617 5604 5625 5621 3 87/5,+9.78 F;+4.95F,

F, 5742 5741 5738 5742 3 87R,+9.49F,+3.86F,

(5662 5850 5852 5868 5858 2 90R,+5.17F,;+2.11TF,

5857 5856 5874 5880 4 885K, +6.48F,+2.93F,

Fy 5900 5911 1 88.9F,+5.56 F,+4.77F,
(5764

Multiplet manifold of TB* (4f8); number in parentheses is the centroid calculated for that manifold.
PEnergy levels obtained from Ref. 16.

Calculated splitting based d,,, reported in Table IV.

YEnergy levels obtained from Refs. 13 and J.A. Koningstein and G. Schaack, Phys. Rel2& (1970.
€Calculated splitting based d,,, reported in Table IV.

fPredictedl’,,(n=1,2,3,4) for TbAG based 0B, (Table IV).

9YLevels obtained from data associated with the present study.
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netic properties of the septet and quintet states of' Tin with values for electronic repulsion betweerfi électrons,
both YAG and ThAG?223 spin-orbit, and interconfiguration interaction terms taken
from earlier work on TB' (4f8) reported by Carnalet al?’
The parameters are listed in Table IV of this work. With
these parameters we obtain a set of free-ion wave functions
Single crystals of YAG doped with FB in different con-  used in the calculation of the matrix elements of the crystal-
centrations and single crystals of TOAG were grown eitheffield splitting of the multiplet manifolds.
by spontaneous crystallization from ffuar by the Czochral- The crystal-field terms in the Hamiltonian are given as
ski method?* Yttrium aluminum garnet melts congruently at
1970°C. The crystals grew parallel to tHg]) direction. . 8 R
Disks were cut so that the spectra could be measured along Her= m;_n Bnm;l Com(Mis @)
the crystallographic axe$001], or [011] of the cubic
crystal?® Based on a distribution coefficient of 0.96 and awhere theB,,, represent the crystal-field parameters with
given dopant concentration in the melt, we obtained=2, 4, and 6, the indekruns over the eight #electrons in
Tb®*-doped YAG crystals containing various concentrationsthe ground state of TH(4f%), and where B*
of Th®".2® The spectra reported here were obtained from=(—-1)"B, _,. The one-electron operato@,(f;) are re-
single crystals of Th,Y,gAlsO;, (arbitrary direction and  lated to the standard spherical harmohias
ThsAl50,, [001] direction.
Absorption spectra between 487 and 349 nm were ob- Com(T) =[47/(2n+1)]1Y2Y, . ©)
tained from a double-diffraction monochromator, model
MDR-23 grating monochromator, having a spectral resolu- The TE* ion occupies dodecahedral sites havibg
tion better than 3 cm® over the wavelength investigated. A symmetry in the garnet lattice. TH2, point-group symme-
calibrated photomultiplier tube with feedback on the lighttry contains four one-dimensional irreducible representations
flux was used as a detector. To elimate temperatureF;, I',, I's, and I'y. In a non-Kramers system like
dependent transitionghot bands we compared the 78 K Tbh®*(4f8), containing an even-number of 4lectrons, each
absorption spectra with the 300 K spectra and eliminated thenultiplet is split into 21+ 1 Stark-level components labeled
hot bands from the tables of the 78 K absorption spectrumaccording to a symmetry designatidn,. The full-rotation
Knowing the splitting of the ground-state manifoldf; ~ compatibility table for theD, group and the algorithm used
given in Table I, we are able to establish that all the spectréo make symmetry label assignments have been reported
reported in Tables Il and Ill are due to transitions only fromearlie?* for Tm*":YAG, TmAG, and is found to work
Z,=0cm 1 ('), andZ,=3cm ! (I';) of 'Fg to excited equally well for the TB™ garnet systems.
Stark levels of the quintet states. Given the limitation in reso- While the B,,,, can be chosen so that all are real, this by
lution of our spectrometer we could not fully resolve theitself does not uniquely define the system since there are six
transitions originating from bot#, andZ, at 78 K. SinceZ;  ways to choos®,,,, real. Morrisonet al! have expanded on
andZ, are nearly equally populated at that temperature, sethis topic and have provided the reader with equivalent sets
lection rules predict transitions to allJ2-1 Stark compo- of B, for Nd®*:YAG as an example. In the local coordinate
nents of the quintet states. Thus Table Il TbYAG) and  system for TB":YAG, Bayereret al® choseX’ parallel to
Table Il (TE*":TbAG) only list the predicted’,, for each  the[001] axis, perpendicular to th¥’'Z’ plane, while Gru-
Stark level. However, since the calculation predicts the splitberet al?*?°choseZ parallel to thd001] axis, perpendicular
ting and thel", for the ’F; multiplet so well, we include the to the XY plane. Thus we have two different sets of symme-
I',, assignments for the quintet states since these predictiorigy labels to reconcile when comparing the results from these
have already been useful for recently reported studies on th®vo groups. However, by transformation of coordinates the
MCPL and observed Zeeman effect between Stark levelBayereret al!® labelsI';, '3, I'4, andT", become the Gru-

Il. EXPERIMENTAL DETAILS

n

within the quintet state$? ber et al?*?®labelsT';, I',, I'3, andT',, respectively, and
so one can match both the calculated crystal-field splitting
IIl. MODELING THE CRYSTAL-FIELD SPLITTING and the symmetry labels of the Bayerera|.16 data for

Th3*:YAG very well with the calculated splitting and sym-

The parametrized Hamiltonian for ¥b in the garnet metry labels of the Stark levels reported in the present study.
structure includes the Coulombic, spin-orbit, and intercon-This analysis provides a level of confidence in analyzing the
figuration interaction terms associated with the free-ionTh®" multiplets in the ultraviolet, where crystal-field mixing
Hamiltonian and the crystal-field terms that lift the degen-plays an important rolésee Tables Il and IJI There are nine
eracy of the free-ion multiplets;>**L;, into energy levels crystal-field parameters for #5 in D, sites, all real:B,,
that are designated as Stark levels. The free-ion part of the,,, B,,, By, Bas, Bgo, Bez, Bss, and Bgg reported in
Hamiltonian is written as units of cm ™.
To establish the lattice-sum componenss,,, for the

8 garnet structure, we carried out a point-charge lattice-

HFI:EK: Efey+ 52:1 li-sital(L+1)+BG(Gy) sum calculation that included point-charge, point-dipole, and
self-induced contributions. The lattice-sum components are
+vG(Ry), (1) given as
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TABLE Il. Absorption spectra ofD;, 5G;, and 5L, states of TB" (48) in Y3AI;0,,.2

E (cm Y)® E (cm™Yf Percent mixing of free-ion
28+ b N (A)° a (cm™ b obs. calc. ', calc? states
D, 4873.2 0.43 20515 20514 1 99.8D,+0.1PL 14+ 0.02G,
(20596 4872.8 0.10 205163 20516 3 99.8D,+0.12L 15+ 0.02G4
4867.8 0.47 20537713 20530 4 99.7D,+0.1PL o+ 0.09D,
4866.4 0.94 205433 20545 2 99.7D,+0.0PL 1o+ 0.08G,
4857.2 1.80 20582M 20585 4 99.9D,+0.1PL ;o+0.09G,
4856.8 1.37 205838 20587 1 99.8D,+0.15G¢+0.11°L 4
4854.6 0.39 205933 20594 3 99.8D,+ 0.18G¢+ 0.0PL 4
4844.1 2.35 20637'7 20638 2 99.8D,+0.16G4+0.10G5
4839.8 0.15 206565 20649 1 99.83D,+0.39G4+0.10°D,
D4 3823.0 0.95 26145 26144 3 689G+ 26.7PD;+1.98L 1o
(26336 3823.2 1.97 26149 26151 1 70@s+25.9D 3+ 1.7 4
3819.7 0.27 26173 26188 4 6%, +35.PG4+0.97PL 1o
5Gg 3815.6 0.36 26200 26210 2 892+ 15.°G4+ 1.09L 14
(26520 3815.9 0.25 26208 26212 4 68,4+ 31.9G¢+1.0%L
3812.0 0.30 26226 26229 3 7808, + 26.FGg+ 1.4PL 4
3802.5 0.46 26291 26280 1 78@;+22.9D 5+ 2.3PL 4
3798.8 1.10 26317 26323 2 9B, + 2.58G4+0.82PL
3796.9 0.05 26330 26326 3 6B, + 29.£G4+2.17PG;
3790.8 0.96 26372 26376 2 99®;+4.3PL 1o+ 1.2PG,
3788.1 0.90 26391 26381 4 57®;+ 36.6D3+2.97G;
3785.4 2.32 26410 26429 1 479G+ 47.PD5+ 261G,
3777.6 2.37 26 464 26482 1 77Q5+20.8L o+ 1.55L 4
3771.9 0.08 26 504 26 508 3 68@;+21.°D3+ 12.CPL 4
3771.1 0.06 26510 26514 4 70@;+ 13.8D 5+ 12.6L 4
3769.6 0.10 26520 26526 2 68@;+17.5L o+ 14.7°D,
3764.8 1.62 26 554 26562 3 78@®s+9.20D;+9.28L 4,
26589 4 63.8G+16.PD;+16.2L
26594 1 83.8G¢+13.4L 14+ 1.35D,
26670 2 91.9G4+5.9PL 1o+ 2.48D,
5Ly 3730.8 1.96 26 790 26787 3 9810+ 7.89PG4+0.31°Dy
(27 146 3730.5 3.27 26798 26 794 4 9614+ 8.15G4+0.5(D4
3729 2.89 26 802 26 800 1 92190+ 6.58G¢+0.5PL,
3728.5 2.00 26813 26 807 2 90L7,,+ 6.85G¢+ 1.19G;

26869 1 92.91 10+5.25G4+1.21°G,

3715.0 0.40 26895 26889 2 88l4,+11.8G4+ 1.26G<
3714.3 1.37 26915 26915 4 815+ 12.5G4+ 1.08G,
3713.8 0.75 26923 26922 3 87150+ 9.18G4+ 1.36Gs
3706.6 0.79 26971 26983 1 79164+ 19.5G4+0.34G,
3699.2 3.05 27025 27 044 4 9818+ 3.4PG4+ 3.3PGs
3698.5 0.81 27055 27050 3 9%819,+3.9°G+ 2.56G4
27051 2 89.9 ;+5.3%G5+4.25G4
27067 4 88.8L ;+5.3PG+4.29G,
27073 3 91.8L o+ 4.45G5+2.38G,4
27077 1 923 ,,+3.85G5+2.54G,
3633.3 1.22 27515 27528 1 9919,+4.81°G;+ 1.34G4
3632.5 1.20 27521 27533 3 9314 )+ 2.7PG+ 2.0PGq

27635 2 84.8L o+ 11.8G5+1.52G,

3620.4 0.32 27613 27639 4 9815+ 3.50G5+2.06G,4

5Gs 3613.3 0.36 27668 27 664 4 88®;+7.59G,+6.25L o
(27795 3610.6 0.29 27688 27679 2 78+ 18.0PL 1o+ 6.20°G,
3607.2 0.43 27714 27713 3 86@;+10.6G,+5.58L 14

3606 0.29 27728 27726 2 48@.+43.PLy+5.51°G,
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TABLE Il. (Continued).

E (cm Y E (cm™Yf Percent mixing of free-ion
28+ b N (R)E o (cm™Hd obs. calc. I, calct states
27729 1 89.0L 1o+ 7.15G5+ 1.79G,
3600.0 1.23 27760 27745 2 5911+ 41.6Gs+2.715G,
3599.1 3.32 27777 27768 1 77+ 8.7PL g+ 6.2FD,
3592.5 0.91 27815 27812 1 76@5+14.5D,+8.7FL
3592.1 0.87 27831 27827 3 906G, +3.81°D,+ 2.8PL 4

27828 2 92.2G5+2.84Lp+2.12D,

3589.0 0.68 27830 27837 4 99@. + 2.66°L 1o+ 1.93D,
3580.0 0.20 27880 27 884 4 77®+17.8D,+2.4PL
3579.3 0.60 27930 27906 3 83@+12.7D,+2.2PL o
°D, 3567 0.14 28026 28040 2 98B, + 6.46°G,+2.20°G;
(28 150 3555 0.14 28122 28132 1 9%0,+4.79G+3.11°G,
5G, 28163 1 49.9G,+30.°D,+18.8L,
(28307 28164 4 53.8G,+26.1°D,+13.6L,

28167 3 64.89G,+20.#L4+11.#D,

5Ly 3545.9 0.73 28194 28237 2 9Bl5+1.49G,+0.68D,
(28503 3542.3 0.61 28222 28 254 3 9712+ 0.98G5+0.88G,
3538.2 1.14 28 255 28255 1 68l%+13.5D,+12.9G,
3538.0 1.63 28258 28 257 4 8816+9.67D,+3.22G,
3536.5 1.68 28268 28262 1 631G, +34.CL,+2.5FD,
3534.2 0.63 28287 28299 4 6412+ 28.1°G,+4.28G,
3534.0 0.30 28300 28313 2 5B8L5+36.9G,+4.50G,
28316 3 428G, +41.2L¢+7.27PG;

3529.8 0.41 28322 28327 3 4814+ 37.6D,+10.6G;
28332 4 63.8L4+26.9G,+5.8%D,

28337 2 7794+ 17.8G,+2.87G;

28347 1 47.94+39.2G,+6.29D,

28357 2 54.91 g+ 37.9G,+4.29G;

28360 3 36.8.4+32.8G,+23.#D,

3524.1 1.64 28368 28371 1 48@,+31.7°D,+13.5G,
3518.7 0.23 28411 28410 4 38@®,+35.6D,+13.PL,
3504.5 0.40 28527 28547 1 5319 +40.4G,+3.09G,
3499.5 0.64 28567 28559 2 5812+36.7G,+3.85Gs
3499.0 0.36 28570 28562 3 5818+ 37.0°G,+2.99G;
3496.0 0.30 28595 28589 2 5718+ 44.8G,+3.19G,
3495.4 0.41 28601 28594 1 56L9+34.0G,+3.17PG,

aSpectrum obtained at 78 K; hot bands removed from the table based on comparison with 300 K absorption spectrum; transifiegs from
(I'y=0cm ! andI';3=3 cm 1) are partially resolved as transitions to excited stark levels.

bMultiplet manifold of TE*" (48); number in parentheses is the centroid calculated for the manifold.

“‘Wavelength in angstroms.

dabsorption coefficient in cmt.

®Energy in vacuum wave numbers.

fCalculated splitting based dy,, given in Table V.

9Calculated symmetry label fdr,, I',, I'5, or I', for calculated splitting.

hReference 16; data reported between 1.2 and 4.2 K.

) " i1 Our coordinate system involved tieaxis parallel td001].
Anm=—€*2, 0;Cpm(R)/RI ™, (4 In the XY plane theX axis is parallel tg110] and theY axis
. is parallel to[110] of the cubic garnet lattice. The calculated
whereq; is the effective charge on the ion B, eis the  Anm fOr the D, sites in YAG are as followsA=1451.8,
electrostatic charge in esu, and the sum extends over all iofs;=2218.4,  A,p=—614.93, Ap,=—-2809.3, Ay
in the lattice. The ion positions, effective ionic charges, and= —4934.3, Agoy=—1477.9, Ag,= —567.93, Ag,=645.13,
the oxygen ion polarizabilities have been reported edfier. and Age= —501.61, all in units of cm'/A". These compo-
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TABLE Ill. Absorption spectra oD, °G;, and L states of TB* (4f8) in ThyAl0,,.2

E (cm Y® E (cm™Yf Percent mixing of free-ion
28+ b N (A)° a (cm b obs. calc. I, calcd states
D, 4873.6 24 20513 20505 1 9913,+0.1°L ;p+ 0.09G,
(20605 4873 10 20515 20507 3 98B,+0.12L 5+ 0.02G,
4870 29 20528 20520 4 99B,+0.1FL o+ 0.09Gg
4867.2 13 20540 20548 2 990,+0.09L ,+0.09G,
4855.3 36 20590 20602 4 980,+0.1FL ,,+0.08G,
4854.1 14 20595 20607 1 99B,+0.148G45+0.1PL 4,
4850.6 16 20610 20618 3 98B, +0.148G4+0.1PL
4841 33 20651 20654 2 99B,+0.16G4+0.17°G,
4835.4 10 20675 20683 1 9913, + 0.40G4+0.09G,
D4 3821(sh) 6 26160 26152 3 51564+ 44.5D3+1.98L 4,
(26 302 382((sh) 16 26170 26170 1 58°G4+38.2D53+1.92L 4,
5Gg 3820 36 26175 26173 4 8PD,+16.5G5+0.7PL 4
(26 566 3817.4 5.2 26188 26183 2 880,+11.2G4+1.12G4
3817sh 33 26194 26190 4 65203+ 32.1°Gg+ 1.08°L 4
3811.4 11.3 26225 26214 3 7809, + 23.82G¢+ 1.50L 1o
3805 25 26274 26290 2 9703+ 1.78G¢+0.85L,
3799.4 11.5 26312 26 297 1 69+ 33.6D3+2.5CL 4,
3797 11 26324 26314 3 55@,+39.6G4+2.39Gs
3786.1 32 26405 26 407 4 6685+ 26.£D;+3.06G,
3785.1 24.5 26412 26413 2 96as+ 7.3¢L 1o+ 1.35G;
3781.4 53 26438 26436 1 676+ 24.8D,+2.87L
3775.1 49 26483 26493 1 72@5+26.5L 1o+ 1.6PL 4
3775sh) 10 26 493 26 497 3 64285+ 17.4L p+14.8D,
3770b) 10 26520 26527 4 65264+ 23.PL o+ 8.3°D,
26534 2 59.2G4+27.PL 1+ 9.94D,
3760.4 39 26585 26 594 3 760G+ 21.0L 1o+ 5.49D,
3757sh) 8 26610 26616 1 69°&¢+27.PL o+ 1.00D,
26617 4 56.8G4+28.8L o+ 11.4D,
3742.8 7 26710 26700 2 7604+ 20.7PL o+ 1.56D,
5Ly 3738.8 6.4 26739 26739 3 79170+ 18.°G4+0.94D,
(27099 26751 4 80.3L 1o+ 17.15G4+1.39D,
3736b) 5.1 26 753 26 753 1 85°0 5+ 13.1°G4+0.8%L 4
3735.4 7.8 26763 26769 2 7219+ 24.5G4+0.97G,
3727.1 56 26823 26827 1 8511,y + 12.°G¢+ 1.29G,
3724.8 45 26839 26843 2 8610,p+ 15.PGg+ 1.4PG,
3719.1sh 10 26880 26 887 3 83°%6 5+ 13.0G4+ 1.25G,
3717sh 6 26890 26896 4 765 1o+ 19.8G4+1.10D,
3710.8 34 26941 26961 1 72185+ 27. PG4+ 0.46D,,
3705.5 18 26979 26993 3 90185+ 3.98G4+3.63G;
3705sh) 10 26985 26994 4 89U+ 5.48G4+3.67G;
27020 2 85.8L 10+ 8.32G4+4.84G;
3699sh) 10 27026 27026 3 9156 5+ 4.40G+2.9PG,
27027 4 86.8L,,+7.72G¢+4.72G;
3696.5 55 27045 27030 1 9219, ,+3.8P°G+3.11°G;
3631.9 40 27526 27546 1 95917,,+ 4.70G5+ 1.73G,
3630.9 31 27534 27553 3 9510, ,+ 2.5°G¢+ 1.82G,
3625b) 6 27580 27590 4 96°8 1o+ 3.06G5+0.2PL 4
3619.6 9.2 27619 27591 2 9212, +2.65G5+2.17G,
5Gs 3616.2 9.8 27645 27646 4 88®;+6.38G,+2.3CL 4,
(27783 3615sh) 6.3 27655 27 659 2 7265+ 16.5L 10+ 5.30°G,
27692 1 82.8,,+12.8G5+2.27D,
3608.9 12 27701 27702 3 78G5+ 9.41°G,+6.75D,
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TABLE Ill. (Continued).

E (cm )¢ E (cm™Yf Percent mixing of free-ion
28+ b N (A)° a (cm b obs. calc. I', calc? states
27702 2 80.8L o+ 14.8G5+2.79G,
3606.6 15 27719 27724 2 87®;+6.32G,+3.9PL 4
27725 1 65.8G5+16.4L o+ 12.6D,
3596.3 52 27793 27787 1 6365+24.9D,+6.67L 4
3594sh) 32 27813 27812 3 83¥6:+9.16D,+3.3PL
27814 2 81.3G+12.7D,+3.6PL,
3592sh) 14 27830 27817 4 67°G5+29.6D,+1.7PL 4,
3590.6 26 27843 27831 4 8965+ 3.4PD,+3.04'L 4
3586.6 29 27874 27879 3 8065+ 14.5D,+ 1.4 4
D, 3576.3 18 27954 27969 2 86M3,+ 13.9G+4.30°G,,
(28 002 3573.6 10.4 27975 27981 1 860,+ 11.£G;+1.89G,
3556.4 5.9 28110 28114 1 5912,+26.6G,+11.0G;
3554.7 6.3 28125 28125 4 45M,+27.1°G,+22.5G;
3544.6 19 28204 28181 3 45@,+ 25.5G,+17.2G;
Ly 3544sh) 6 28208 28215 2 97%1 4+ 0.66L 1+ 0.66°G,,
(28 486 28220 4 91.8Lg+5.20D,+2.21°G,
3542b) 16 28225 28221 1 87°L¢+6.08D,+2.6PG,
28229 3 95.84+1.61°G5+1.47D,
3536 35 28268 28258 3 4318,+24.6G,+20.5D,
3534.7 40.4 28283 28289 4 8813 +7.2PG,+1.60G,
5G, 3532.3 28 28304 28292 1 58@,+37.PLy+1.53G,4
(28359 28313 2 83.8L4+13.9G,+1.71°G;
28336 4 45 2 g+ 45.0G5+3.95G,
3529sh) 5.7 28336 28336 3 4904+ 39.82G,+7.86G;
28336 2 63.8L4+31.£G,+3.65G;
3527 14.4 28 345 28342 1 46l1,+35.7G,+8.20G;
28366 2 65.2L ¢+ 28.6G,+3.38G;
3523sh) 23 28375 28372 3 49°6,+46.PL 4+ 1.84D,
3522.3 40 28382 28388 1 68@,+23.FLy+5.58G;
3515.7 14 28436 28411 4 58@,+20.8L4+12.2D,
3502.7 17 28541 28559 1 53@,+41.8L4+3.57°G,
28581 2 488 4+ 46.5G,+4.22G,
3498.4 23 28576 28583 3 47@,+47.8Ly+3.69G;
3499sh) 4.7 28585 28588 4 50°3,+44.5L¢+3.85G;
3495sh) 5.7 28605 28600 2 586,+36.PLy+3.8FG;
3493.7 16.5 28615 28603 1 5812+ 44.8G,+0.99G,

aSpectrum obtained at 78 K; hot bands removed based on comparison with 300 K absorption spectrum; transitiofig, ftbm
=0cm ! andI';=3 cm %) to excited Stark levels are unresolved.

dMultiplet manifold for TB*(4f8); number in parentheses is the centroid calculated for the manifold.

“Wavelength in angstroms; sh denotes shoulder; b denotes broad.

dAbsorption coefficient in cm.

°Energy in vacuum wave numbers.

fcalculated splitting based dBy,, given in Table IV.

9Calculated symmetry label fdr,, T',, I'5, or I', for the calculated splitting.

nents are converted into crystal-field parametesm, is placed in the lattice environment. For3t p,=0.1673,
through gfjgo theory developed by Morrison and hisp,=0.4990, andpg=1.1232, in units of A. The B, pa-
collegued®**where rameters obtained for P: YAG from the lattice-sum calcu-

B —p A ®) lations are g_iven in T_al_)Ie V.

nm= Pnnm. The predicted splitting for the Stark levels of tH&,
and where the,, parameters account for shielding and othermultiplet, using theB,, parameters determined from the
effects that change the values(of) when the TB" free-ion  lattice-sum calculations and varying only the centroids of
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TABLE IV. Crystal-field splitting parameterB,,,,, for Th®*(4f8).2

BZO BZZ B4O B42 B44 BGO BSZ BG4 BGG
Calculation (cm™ (cm™b (cm™ (cm™) (cm™b (cm™ (cm™ (cm™b (cm™
TH3*: Y 3Al;0, 461 165 —169 ~1720 —900 —1324 —621 599 —561
'|_|I)3+ZY3A|5O12C 464 126 -16.9 —-1811 —999 —1228 —470 642 —491
Th3+: ThyAl50,8 551 36 —156 —1651 —922 —1288 —432 541 —426
Tb3+ZTb3A| 5012e 509 52 —54.4 —1826 —-1013 —1347 —465 553 —-516

3Free-ion parameters for $h(48): E'=6022,E2=29.03,E3=608.5,/=1710, = 20.1, 3= — 370, andy= 1256, in units of cm™.
bParameters,,,, obtained from lattice-sum calculation for YAG.

‘Parameters,,, obtained from fitting 130 experimental-to-calculated levels;+@sm *; Th:YAG.

dParameters,,, obtained from lattice-sum calculation for ThAG.

®Parameters,,, obtained from fitting 136 experimental-to-calculated levels; 8.0 cm *; TbAG.

each manifold, agrees well with the observed splitting andrable IV. The calculated Stark levels ahig assignments are
the symmetry labelI(,) assignments. Only in cases where listed in Tables | and IIl. The final set &, parameters for
neighboring Stark levels are predicted within several waverb®* in TbAG is sufficiently close to the lattice-suy,,
numbers of each other is there an occasional overlap of agalues, also listed in Table IV, that it is not likely that false
signments, such as we find ifFs. By transformation of minima are involved in the fitting analyses for3'bin either
coordinates, the Bayeret al. B,,, parameters can be com- host matrix. A total of 136 Stark levels were involved in
pared to the lattice-sum parameters as well as to the final S@halyzing the ThAG spectrum, giving an rms deviation of 10
of Bnm parameters ob5tained by é“dUdi”Q experimental Stark;yy-1 peqween calculated and observed levels. The wave
levels from the®D,, °G,, and °L, manifolds reported in  f,nctions for individual Stark levels predicted for 3bin

Tables Il and lll. The experimental Stark levels and the sym-yAG have been used successfully in describing the mag-
metry label assignments given in Tables I-Ill are based on Aetic properties of the quintet states offThin ThAG 2223

single set of,, for each garnet given in Table V. From a In summary, we report a detailed crystal-field splitting

final least-squares fitting of all the data for3TbYAG that . . 3116418 .
included 130 Stark levels, we obtained a rms of 9 ém analysis of t_hose quintet states of .b4f ) whose energies
' e determined from the absorption spectra observed be-

between calculated and experimentally assigned levels. T .
calculated splitting is reported in Tables | and II. Many of the WeeN 487 and 349 nm in the garnet hosts YAG and TbAG.
In most cases the expected21 Stark levels of a given

predictedI',, have been confirmed experimentally by re- ' - ’ - h
ported studies on Zeeman effects and features of magnetop'a‘-u't'plet manifold are identified from the 78 K absorption
larized luminescenc& 26 spectrum since the ground-state Stark leveland the first
Since a solid-solution phase exists between YAG and@Xcited Stark levell's, at 3 cni* permit between the two
TbAG, one can follow the spectral details of individual tran- levels, transitions to all excited Stark levely,, I',, T's, or
sitions and the relatively small energy shifts in Stark levelsl’y. A least-squares fitting analysis between
as the TB(4f8) ion moves from the dilute YAG matrix to experimental-to-calculated Stark levels for*Tbin YAG
the pure compound TbA&2 Given the similarity in local gave a rms deviation of 9 cm. A similar analysis for the
site symmetry of TB" in both YAG and TbAG, we can Stark levels of TB" in ThAG, involving 136 experimental-
model the splitting of theS* L ; multiplets in the pure gar- to-calculated levels, gave a rms deviation of 10 ¢mindi-
net, TbAG, with a lattice-sum calculation for a starting set ofvidual wave functions obtained from this calculation in a
Bnm, OF We can use the final set Bf,,, for Tb®":YAG given  simple|JM;) basis have been used successfully to interpret
in Table IV as the starting set for TbAG. Either way, we the MCPL and the Zeeman splitting of ¥b states in YAG
obtain a final set oB,,, for Tb®* in TbAG also reported in and TbhAG.
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