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Abstract. From the optical absorption and luminescence spectra of the non-Kramers ion
Tm®*+ in LiRP4O;2, Stark energy levels were deduced. The spectra and experimental
energy levels for P+ in LiRP1 0,2 were published in our previous studies. The resuls
of model crystal-field calculations in Ca, symmetry for Pr’t in LiRP,O12 and Tm3+
in LiRPyO,> are compared with experimental data, for the lowest ten {5, L]J states
£2(12) configurations. It is shown that the method used resulls in computed Jevels that
generally correlate closely with energy levels deduced from experiment. RMS deviations
between calculated and experimental levels range from 15 to 24 cm™!.

1. Introduction

The purpose of this work is to compare the results of crystal-field calculations based
on an approximate mode! with published experimental data for LiPrP,O,, [1-3] and
reported for LiTmP,0O,..

While the suggested characterization must be considered téntative, the results
provide a basis for further experiments to confirm or correct interpretation. The
actual site symmetry of La®+ or its replacement by another member R3* of the
lanthanide seri¢s in single-crystal LiRP,O,, is C, [4]. The computational problems
with the large matrices required are formidable even with f2(f1?) configurations. Use
of an approximate higher symmetry, in this case C,,, with the concomitant reduction
in the number of parameters is of considerable interest as long as the results can
be shown to be useful. Apart from the computational aspect, the number of freely
varying parameters in fits to experimental data of the type discussed here must by
kept to a minimum consistent with the nature and magnitude data set.

Most of the spectroscopic data for LiRP,O,, were published by us [1-8]. An
analysis of the crystal-field splitting of Nd®* and Er®* Kramers jons in a tetraphos-
phate matrix was presented in our previous paper [9]. We have reported the results
of crystal-ficld calculations in C, symmetry for a limited number of states. This is a
formally correct and very useful set of calculations. There is also an intrinsic problem
that must be addressed. 29 sublevels in LiNdP,O,, and 35 sublevels in LiErP,0O,,
(out of the total of 182 sublevels in the f3(f!1) conﬁguratlon) were fitted with an RMS
deviation of 6.8-7.4 cm™' using C, site symmetry, i.e. 14 crystal-field parameters. The
proposed approximation (point group symmetry C, ) requires fitting the data with
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nine crystal-field parameters. The method of calculation is similar to that described
by Morrison and Leavitt [10]. :

2. Experimental details

The LiTmP,O, , crystals used in this experiment were grown by a flux method. Optical
absorption measurements were made using a Cary model 2315 spectrophotometer.
The emission spectra were recorded for a diluted Lila, ,,Tm, o, P,O,, sample using
a Perkin—Elmer MPF-44B spectrofluorometer. The output was stored by an IBM-XT
microcomputer. We determined the 53 Stark energy levels of Tm3*+ in LiTmP,O,,,
which are given in table 3 later (column headed Experimental).

The cxpenmenta] Stark energy levels of Pr* in the tetraphosphate matrix were
presented in our prev:ous work [1].

‘3. Analysis of experimental data

3.1. Crystal-field parameters for the rare-earth tetraphosphates

The point group symmetry of the rare-earth tetraphosphate is C,,. [2,4]. In our
crystal-field analysis, we take a crystal-field Hamiltonian, in the irreducible tensor
form

Hege = 3Bl 3 Cin (i) )
km $

where the Blm are crystal-field parameters ( = complex conjugate) and where C';,,
are spherical tensors, related to ordinary spherical harmonics Y (8;, ¢;) by

Cim (73) = (47/(2k 4 1))V2Y, . (6;, ;) (2)

where 0, and ¢, are polar coordinates of the ith electron.

Symmetry considerations have a profound effect on the interpretation of the
spectra of rare earth ions. We have already mentioned the effect of symmetry on
selection rules for electric and magnetic dipole transitions and on the classification of
crystal-field split energy levels.

Invariance under the point-group operations requires that the crystal-field Hamil-

_tonian only contains operators that transform as the identity representation of the
point group. Except for the cubic groups, these operators are generally easy to de-
termine; all group operators may be constructed from the following operators: (a)
n-fold rotation about z, R (27 /n); (b) coordination inversion, [; (c) 2-fold rotation
about z, R_(~).

It can be easily shown that the C,,, transform under these operations as follows

Rz(zﬂ/n)ckm = exp(—21rim/n)Ckm (3)
Ickm = (_l)kckm (4)
Rx(ﬂ')ckm = (-l)kck,-—m' (5)
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Further, since Hogr, when acting between 4fN states, connects two states of the
same parity, odd-parity terms in H.gp drop out, and from (3), k must be even.
In addition, Cy,, is an irreducible tensor that connects single-electron states with
1 = 3; therefore, by the triangular inequalities, we must have 0  k € 6. These
considerations are sufficient to determine which B, = are non-vanishing for all point
groups.

In our crystal-field analysis, we assume a crystal-field Hamiltonian C,,. It has
been recognized that the crystal-field parameters, B,,., can all be chosen real for
C,, symmetry. The resulting Hamiltonian given by (1) results in nine independent
parameters.

The crystal-field Hamiltonian is diagonalized together with an effective free-ion
Hamiltonian of the form

Hypee = Y Bs,nl18: LIS, L]J| (6)
(S,L]F

where the sum on S, L]J, in general, runs over several of the lowest states of the
4fN configuration. The quantities Arg,1)s 8re centroid parameters, which would be
equal to the exerperimental centres of gravity of the crystal-field split levels if effects
of J mixing by the crystal-field were neglected. By diagonalizing the sume of (1)
and (6), we include the major effect of J mixing. We include the lowest ten [S, L]J
states in our calculations for Pr3* and Tm3+.

Matrix elements of the crystal-field Hamiltonian are obtained from wavefunctions
associated with the intermediatecoupling diagonalization of a free-ion Hamiltonian
consisting of Coulomb, spin—orbit and configuration interactions. Parameter values
for this free-ion Hamiltonian are those appropriate for rare earth ions in aqueous
solution [11]}. The procedure used in these calculations has been described previously
by Morrison et al [12]

The first step in our analysis of lanthanides ions in tetraphosphate crystals was to
obtain starting values for B,, by means of pomt charge lattice sums A4,,.. These
are related to the B, by

Bim = prApm Q)
where
Py = T*k(rk)HF(l - oy) ®)

and where r is a host independent, jon-dependent radial expansion parameter, (r¥},
are Hartree-Fock expansion values and o, are shielding factors.

Crystal-field parameters for Pr** and Tm3* were determined by starting with B,
given by (7) and varying the B, and the Ag ;,, simultaneously until 2 minimum
RMS deviation between calculated and experimental energy levels was found. The best
fit By, are presented in table 1, together with the corresponding RMS devisions.

Values of the RMS deviations in table 1, ranging from 24 cm~! for Pr3t to
15 cm~1(for Tm3+), are somewhat smaller than values obtained for the same ions in
Y,0; [13] (Y,0, also has R3t jons in C, symmetry).

Detailed comparisons of the calculated and experimental energy levels are given
in tables 2 and 3. In these tables, states are identified by the maximum component
in the free-ion wavefunctions. The theoetical energy eleveis are calculated by means
of the crystal-field parameters of table 1.
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Table 1. Model crystal-field parameters By, in cm~! for LiRP4Q;; (point group C, Jv)
R = P+, Tm3+,

Pri+ Tm3+
Bzo -780 =520
Bz 115 80
B40 —140 —92
By, —622 -350
By, -320 -m
Bgo 256 180
Bg; =20 202
Bga 138 235
Bgs 206 259

RMs 24 cm) 15 cm™?

3.2 Pr** in LiRP,0 ,

The analysis of the Pr** spectrum (table 2) is complicated, our calculation spans 81
sublevels, and of these, 12 are not identified experimentally. The correlation between
the levels originally deduced from experiment and those computed using the model
parameters from table 1 was generally satisfactory.

In the *H; state we did not determine six sublevels from experiment. The most
interesting result of the model calculations for Pr®* is that the I, state spans about
1000 cm™!, whereas it had earlier been assumed that the group was confined to
a much narrower energy range. Experimentally, the region from about 20900 to
22300 cm~! contains much weak unresolved structure, which is probably vibronic,
three intensive bands attributed to components of *P, and some relatively intensive
bands ‘associated’ with this band. On the basis of the model calculation, most of the
bands originally assigned as components of 'I; must actually be vibronic transitions
whereas the '] transitions are extremely weak relative to the *P, group.

33 Tm?* in LiLa,_,Tm PO,

Transitions between the ground state and excited multiplet states in the 4f'? config-
uration of Tm3+ all occur in the range from about 5000 to 30000 cm™!, except for
those to ', 3Py, , and 'S, as indicated in table 3. Only the energies of the ',
3P0'1,2 and 18, states and the higher-lying crystal-field components of the ground
state have not yet been established by experiment.

The RT luminescence spectrum of the Lila, osTmg o, P, O, single crystal is given
in figure 1. The assignments of the band located at 780 nm are. in some dispute (in
terms of luminescence from the !G, level only), but we have determined them as
'G,-°H; and 3F,-*H, transitions. ‘

Examination of the model crystal-field for the 3F, state revealed good correlation
with the observed transitions. The structure observed in the energy range of the
3H, group was complex but the mode] calculation provided the basis for a tentative
interpretation; much of the observed structure had to be vibronic in origin. The
complexity of the structure is typical of that observed in other R*t-in-LiRP,0,,
configurations. The broad band structure observed in the *Hg group is also observed
in the 3H, group and similar considerations underlic the suggested interpretations in
the two groups.
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Table 2. Calculated and experimental energy levels for Pri+ in LiPrP4Oy2, Cay (C2)
sites: total of 81 experimental levels.

State Energy {(cm—1) State Energy (cm™?)
[S,L]J Label Calculated Experimental [5,L]J 1Label Calculated Experimental
3H, Z 0 0 3F, Vi 6522 6514
Z 71 62 V2 6541 6523
Zy 90 100 Vi 6574 6587
Z 158 —_ Vi 6648 6623
Zs 301 — Vs 6675 6666
Zs 7 — Vs 6740 6722
Z; 442 — Vy 6756 6747
Zs 480 —
Z5 686 -
3F, Uy 6913 6922
3H, Y1 2160 2140 U, T069 7085
Yz 2235 2230 U, 1N 7153
Y3 2381 2398 Uy 7188 7194
Y, 2439 2450 Us 7229 7215
Ys 2552 2530 Us 7241 7251
Ys 2583 -_— Uz 7352 7336
Yy 2622 — - Us 7368 7352
Ya 2488 — Us 7385 7390
Yo 2701 - —
Yio 2716 — 11, B 16989 16972
Y. 2732 — B; 17022 17007
Bs 17168 17177
3H, X, - 4157 4158 By 17281 17301
Xq 4178 4203 Bs 17439 17412
Xa 4293 4280
X4 4366 4347 3P C 20845 20833
Xs 4481 4494
Xs 4582 4555 iy Dy 20905 20898
X7 4650 4625 D . 2020 20986
Xs 4706 4694 Dy 21042 21015
X 4790 4761
Xi0 4822 4830 s E; 21278 21303
X1 4854 4866 E: 21467 21454
Xi12 4891 4882 Es 21540 21537
© Xys 4949 4926 Eq 21567 21588
Es 21633 21645
3F, W, 5093 5085 Es 21 650 21682
W2 5108 5109 E7 21T 21753
Wy 5177 5158 Es 21802 21801
Wy 5229 5211 Ep 21905 21929
Ws 5265 5256 Eio 21985 - 22002
E1 22034 22055
E;2 22111 22129
Eis = 22267 22286
3p, Fi 22460 22471
F. 22602 22624
Fa 22686 2270
F; 22789 22779

Fg 22958 22970
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Table 3. Calculated and experimental energy levels for the Tm3+ in LiTmP, 0,2, Cay
(C2) sites: total of 53 experimental Stark levels.

State Energy {¢m—1) State Energy (cm~1)

[S,L}J Label Calculated Experimental [S,L]J Label Calculated Experimental

3H5 Zy 0 0 3F3 Vi 14449 14460
Z; 87 95 Va 14494 14501
Z3 99 105 Vs 14522 14531
Z 155 — A 14538 14548
Zs 234 — Vs 14587 14597
Zg 280 — Ve 14603 14614
Z7 356 — vy 14651 14660
Zs 433 -

Zs 442 — 3F, U; 15083 15100
Zyp 491 —_ U, 15146 15153
Zy 530 —_ Us 15177 15189
Zi2 569 — - Uy 15228 15239
Zis 598 - Us 15262 15274

3F, Y, 5524 5540 1G, Ay 20933 20950
Y, 5601 5609 Az 21154 21160
Ys 5680 5692 As 21290 21305
Y 5795 5810 As 21340 21355
Ys 5832 5836 As 21382 21390
Ys 5853 5866 As 21420 21432
Y; 5920 5935 Az 21438 21449
Ys 5976 5980 Ag 21506 —
Y, 6037 — As - 21559 21566

3Hs X 8166 8175 1D, B, 27872 27880
Xz 8254 8240 B. 27904 27915
X5 83280 8298 B; 27998 28009
X4 8293 8309 B, 28039 28050
Xs 8321 8330 . Bs 28177 28185
Xs 8349 B363
X7 8356 8371 3P0,z — -
Xz 8435 8403
Xs 8442 8442 11, — —
X1 8469 8480
X1 8583 — 15, — —

3Hy Wy 12475 12490
W 12491 12502
W, 12552 12553
W, 12757 12770
Wy 12838 12852
W 12890 12906
W 12906 12920
W 12933 -_

Wy 12979 —_
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Figure 1. Room-temperature  luminescence spectrum of Tm?* jons in a

LiLag.99Tmg.0: P4 Oy2 crystal (Aexc = 462 nm). The bands correspond to the 1G4—*F,
and to the 1 G4—Hs, *F;-3Hg transitions.

4, Conclusions

With this paper we have extended the analysis of Kramers and non-Kramers ions
in the C,,. sites of LiRP,O,,. This paper has reported, for the first time, optical

absorption and luminescence spectra of Tm3+. These spectra and previously reported
spectra of Pr’* have been analysed with a crystal-field Hamiltonian of C,, symmetry
including J mixing effects.

Crystal-ficld aparameters in this Hamiltonian have been determined that minimize
the RMs deviation between calculated and experimental energy levels. We conclude
that the model calculations in the approximate C,, symmetry for both Pr*+ and
Tm®+ in LiRP,O,, provide the basis for a consistently good correlation with data.
Both verifiable predictions and new insights into observed complex electronic—vibronic
structure in several groups were evident.
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