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Abstract

31 21Er :LiYF single crystal has been studied by absorption and fluorescence spectroscopy in the IR–visible-UV (0–44000 cm ) region4

from 4.2 K to room temperature. Polarized spectra were recorded in order to assign numerous Stark levels of electronic transitions
4mentioned but not attributed before in the related literature and to discuss the irreducible representations (irreps) of the I sublevels. A15 / 2

n l k i 2 4 4 6 6parametric hamiltonian, including free ion (E , a, b, g, T , z, M and P ) and crystal field parameters (B , B , B , B and B ) in an0 0 4 0 4
31approximate D symmetry for the rare earth site in this scheelite type structure, was used to simulate 109 energy positions of the Er2d

21 31ion with a r.m.s. standard deviation of 14.6 cm . A comparison with previously published results for Nd in the same matrix is done.
 1998 Elsevier Science S.A.
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1. Introduction Kramers’ doublets, which differ from previous assign-
4 4ments. The attention is focused on the S and F3 / 2 9 / 2

The motivation for analyzing the LiYF host doped with levels for the experimental identification of the sublevel4
4rare earth ions (RE) lies in the wide application of this irreps of the ground level, I , and on some components15 / 2

4 4 4matrix in laser technology [1–3]. Several works discussed of the I , F and G levels not yet detected, as9 / 2 7 / 2 11 / 2
4the energy level scheme of the erbium trivalent ion well as on the F level which was incorrectly assigned5 / 2

embedded in LiYF as well as in the stoichiometric LiErF [4]. In the UV part of the spectrum numerous lines not4 4
21 21crystals and its simulation, but in the 0–27 000 cm assigned until now have been observed up to 44 000 cm .

energy range [4–9]. This region constitutes only a part of A D point symmetry was assumed for the RE ion2d
11the 4f ground configuration energy level scheme of the instead of the S real one, the well known symmetry for4

31 21Er ion which is spread up to 100 000 cm [10,11]. This the RE site in the scheelite type compound. This is
6made difficult the discussion of the effective two- and possible because the imaginary part of the B crystal field4

3three-body parameters [12], especially g and T , which parameter is small [8,13]. Moreover, in order to simulate
take into account the interaction with more excited shells the position of the many UV energy levels it is necessary

k i[8]. to introduce the magnetic M and P free ion parameters,
The present work revisits the IR–visible-UV region of which can be disregarded in the ‘‘sister’’ configuration of

31 31the Er ion in the LiYF matrix, by polarised and Nd .4

nonpolarised absorption and fluorescence techniques, in
order to identify some crystal field states never observed in
the literature. These experiments permit the assignment of

2. Experimentalthe irreducible representations (irreps) of the observed

The 1% Er:LiYF and LiErF samples have been grown* 4 4Corresponding author. Post-doctoral fellowship. Present address: 3by the Czochralski method, polished as a 53535 mm´Instituto de Quımica, Universidade Estadual Paulista, PO Box 355,
14801-970 Araraquara /SP, Brazil. cube and oriented by the Laue X-ray diffractometry. The
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absorption spectra in the absence of magnetic field were (1 /2 and 3/2 in crystal quantum number m, respectively)
recorded in a Cary 2400 model spectrophotometer, with an [18].
average resolution of 0.07 nm, from IR to UV spectral The observed energy levels have allowed the assignment

21 4region, 225–1660 nm (6500–44 000 cm ), at various of the I CF states and their irreps, not completelyJ

temperatures, from 9 to 300 K. The polarized spectra were observed until now. In Fig. 1 the absorption and fluores-
4recorded at 4.2 K in the visible region in a Czerny–Turner cence spectra of the S level at 4.2, 77 and 300 K are3 / 2

type HR 1000 Jobin Yvon monochromator. The fluores- presented. They are superimposed to make easier identifi-
cence spectra (l 5488 nm) were measured at liquid cation of phonons accompanying the electronic levels. Ifexc.

nitrogen temperature in a 1 m Jarrell–Ash monochromator some vibronic transitions exist in the fluorescence spec-
also equipped with a R374 Hamamatsu photomultiplier, trum, they have a very weak intensity and the main

4with a resolution of 0.05 nm. electronic lines attributed to the I level were observed15 / 2

in the absorption spectrum too. Fig. 2 presents polarized
4and nonpolarized spectra of the I level in order to point9 / 2

out the sublevels never observed until now and their irreps.3. Theoretical background
From Figs. 1 and 2 we can deduce that the sublevels

21situated at 0, 28, 320 and 355 cm have the same irrepsThe free ion (H ) and D crystal field (H ) hamilto-FI 2d CF
and the other four sublevels lying at 17, 57, 255 and 290nians are written in the following Eq. (1) and (2) respec-

21cm have the same irreps, but different from the preced-tively:
4ing ones. The positions of the two S sublevels are3 / 2n 21H 5 H 1 O E (nf,nf)e 1 aL(L 1 1) 1 bG(G )FI 0 n 2 found at 18 433 and 18 492 cm . However, to obtain

n 50,1,2,3
precisely the irrep of any doublet we have to consider a

l k
1 gG(R ) 1 O T t 1 zA 1 O M m level with an odd number of crystal field states. The7 l SO k

4l52,3,4,6,7,8 k50,2,4 isolated F level comprises five transitions corre-9 / 2
2S11i sponding to the five states present in all L levels:1 O P p (1) 9 / 2i

i52,4,6 3G 12G . Its p spectrum (Fig. 3) shows three lines. Then6 7

2 2 4 4 4 4 4 6 6 the irreducible representation of the fundamental doublet isH 5 B C 1 B C 1 B (C 1 C ) 1 B CCF 0 0 0 0 4 4 24 0 0 G , since G →G transitions are not allowed in this type of7 i i6 6 6
1 B (C 1 C ). (2) spectrum in the D point symmetry. In the same way, by4 4 24 2d

4analyzing the polarized S level spectra recorded be-3 / 2

H is the spherically symmetric part of the hamiltonian tween 9 and 300 K, we can conclude that the irreps of all0
n l k i 4whereas E , a, b, g, T , z, M and P are, in this states of the I level are (increasing in energy): G , G ,15 / 2 7 6

sequence, the Racah, two-body and Judd’s three-body free G , G , G , G , G and G .7 6 6 6 7 7

ion parameters, spin–orbit constant, Marvin integrals and We were also able to identify the states not observed
4 4spin–other orbit free ion parameters, multiplied by their before for the I → I transition, by noting that the15 / 2 9 / 2

k 4angular parts. B (k52, 4 and 6; uqu#k respecting symme- I level must have only three zero-phono lines in itsq 9 / 2

try restrictions) are the real parts of the crystal field p-type spectrum and that the two zero-phonon lines not
kparameters and C are spherical harmonic tensors [11]. In present must show their two satellite lines at 17 and 57q

21the fitting procedure the phenomenological wave functions cm in low temperature spectra. This is also true for two
4 4are obtained by diagonalisation and written on the basis of other electronic transitions, for example, I → F and15 / 2 7 / 2

11 4all 182 Kramers’ states of the 4f configuration. G . Furthermore, the two lower CF states of these11 / 2

We have recently shown that a good r.m.s. standard levels are very close to each other, suggesting a frame of
2deviations (s) can be obtained for the H(2) level of fourfold degeneracy as established in the Kramers’ theory.11 / 2

31the Nd ion in LiYF [13] with neither correlated crystal From both absorption and emission spectra 109 energy4

field parameters nor explicit inclusion of more excited level positions were assigned (Table 1), many of them
shells in the calculation [14–16], but a more complete with the knowledge of their experimental irreps. In order to
energy level scheme has been input. The magnetic interac- exploit the main component of the wave function arising

11tions have to be considered, as the 4f configuration has a from the simulation, the M values are also given in TableJ

higher number of electrons. 1.

4. Analysis of the spectra 5. Simulation of the energy level scheme

The symmetry properties of the rare earth ions having an The simulation of the energy level scheme was per-
odd number of electrons are described by the double formed by considering the root mean square deviation as a
groups (Kramers’ states) [17]. In D site symmetry, G factor of merit. The starting value for the free ion2d 6

and G are the irreps associated to the Kramers’ doublets parameters were those of Carnall [11] whereas the cfps7
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Table 1
31Experimental and calculated energy levels of the Er ion in the LiYF matrix; M and irreps are given too4 J

2S21 21 21L level uM u G E (cm ) E (cm )J J i exp calc

4I 5 /2 G 0 215 / 2 7

15 /2 G 17 36

3 /2 G 28 97

1 /2 G 57 486

9 /2 G 255 2506

7 /2 G 290 2866

11/2 G 320 3237

13/2 G 355 3427

4I 1 /2 G 6540 655313 / 2 6

3 /2 G 6545 65567

13/2 G 6585 65967

7 /2 G 6680 66976

5 /2 G 6704 67187

9 /2 G 6731 67506

11/2 G 6745 67647

4I 1 /2 G 10 213 10 21711 / 2 6

3 /2 G 10 230 10 2317

5 /2 G 10 290 10 2867

7 /2 G 10 300 10 3076

11/2 G 10 309 10 3137

9 /2 G 10 327 10 3256

4I 9 /2 G 12 364 12 3219 / 2 6

3 /2 G 12 486 12 4757

7 /2 G 12 540 12 5156

5 /2 G 12 568 12 5277

1 /2 G 12 663 12 6406

4F 9/2 G 15 307 15 3059 / 2 6

3 /2 G 15 325 15 3227

1 /2 G 15 341 15 3386

7 /2 G 15 416 15 4156

5 /2 G 15 469 15 4727

4S 3/2 G 18 433 18 4363 / 2 7

1 /2 G 18 492 18 4936

2H(2) 5 /2 G 19 152 19 17411 / 2 7

7 /2 G 19 172 19 1986

9 /2 G 19 224 19 2426

11/2 G 19 309 19 3137

1 /2 G 19 326 19 3196

3 /2 G 19 342 19 3327

4F 5/2 G 20 571 20 5627 / 2 7

7 /2 G 20 573 20 5666

3 /2 G 20 662 20 6597

1 /2 G 20 671 20 6666

4F 5/2 G 22 255 22 2695 / 2 7

3 /2 G 22 279 22 2877

1 /2 G 22 304 22 3206

4F 3/2 G 22 622 22 6323 / 2 7

1 /2 G 22 653 22 6636
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Table 1 (continued)
2S21 21 21L level uM u G E (cm ) E (cm )J J i exp calc

2G(1) 9 /2 G 24 531 24 5129 / 2 6

3 /2 G 24 610 24 6427

7 /2 G 24 645 24 6556

5 /2 G 24 703 24 6847

1 /2 G 24 756 24 7736

4G 5/2 G 26 393 26 39411 / 2 7

7 /2 G 26 394 26 3986

9 /2 G 26 458 26 4586

11/2 G 26 558 26 5657

1 /2 G 26 611 26 6116

3 /2 G 26 624 26 6277

4G 5/2 G 27 454 27 4509 / 2 7

7 /2 G 27 462 27 4576

1 9/2 G 27 532 27 5286

3 /2 G 27 560 27 5477

1 /2 G 27 571 27 5656

2K 3/2 G – 27 57915 / 2 7

1 /2 G – 27 5826

15/2 G 27 844 27 8446

5 /2 G – 27 8937

7 /2 G – 27 9276

13/2 G 27 987 27 9817

11/2 G – 28 0477

9 /2 G – 28 0606

1
4G 1/2 G 28 132 28 1337 / 2 6

5 /2 G 28 156 28 1467

3 /2 G 28 165 28 1647

7 /2 G – 28 1716

2P 3/2 G 31 585 31 5883 / 2 7

1 /2 G 31 651 31 6566

2K 1/2 G 32 873 32 87213 / 2 6

3 /2 G – 32 8847

13/2 G 33 078 33 0767

1 1/2 G – 33 1126
2P 5/2 G 33 150 33 1521 / 2 7

7 /2 G – 33 1766

1 3/2 G – 33 2447
4G 11/2 G 33 272 33 2685 / 2 7

9 /2 G – 33 2966

1 /2 G 33 450 33 4586

5 /2 G – 33 5087

4G 7/2 G – 34 0477 / 2 6

5 /2 G 34 074 34 0927

3 /2 G 34 153 34 1317

1 /2 G 34 185 34 1666

2D 5/2 G 34 930 34 9335 / 2 7

1 /2 G 34 994 34 9716

3 /2 G 35 019 35 0217

2H(2) 9 /2 G 36 401 36 4159 / 2 6

7 /2 G 36 503 36 5086

5 /2 G – 36 5097

3 /2 G 36 558 36 5887

1 /2 G 36 684 36 6726
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Table 1 (continued)
2S21 21 21L level uM u G E (cm ) E (cm )J J i exp calc

4D 5/2 G 38 685 38 6945 / 2 7

1 /2 G – 38 7166

3 /2 G – 38 7527

4D 3/2 G – 39 3297 / 2 7

1 /2 G 39 340 39 3436

5 /2 G 39 431 39 4377

7 /2 G 39 552 39 5456

2I 3 /2 G 41 125 41 14511 / 2 7

1 /2 G 41 145 41 1536

7 /2 G 41 205 41 2186

5 /2 G – 41 2247

9 /2 G 41 285 41 2696

11/2 G 41 336 41 3347

2L 3/2 G 41 598 41 59617 / 2 7

1 /2 G – 41 5986

5 /2 G 41 725 41 7307

7 /2 G – 41 7386

9 /2 G 41 758 41 7686

11/2 G 41 830 41 8107

13/2 G – 41 8627

15/2 G 41 902 41 9146

17/2 G 41 951 41 9576

4D 3/2 G 42 375 42 3683 / 2 7

1 /2 G 42 410 42 4036

2P 1/2 G – 42 9533 / 2 6

3 /2 G – 42 9987

2I 9 /2 G – 43 49413 / 2 6

3 /2 G 43 526 43 5077

5 /2 G 43 640 43 6207

7 /2 G 43 649 43 6336

11/2 G – 43 8027

1 /2 G 43 796 43 8046

13/2 G 43 886 43 8887

21All values in cm .

were taken from Ref. [13]. A first tentative without 6. Conclusion
magnetic interactions showed the impossibility of re-

21 31producing the energy levels higher than 25 000 cm , The Er :LiYF crystal has been analyzed by polarized4

correctly. These interactions have only a minor effect on and non polarized absorption and fluorescence measure-
3 31 21the 4f configuration of Nd , for which the simulation of ments. All crystal field states between 0–27 000 cm

all experimental levels was made with the FI and CF were assigned, including their irreps. The irreps of the
21parameters varying freely. However, a very good simula- electronic levels in the UV region up to 44 000 cm were

k ition is performed when M and P parameters are included, not assigned experimentally. The phenomenological simu-
especially with a satisfying reproduction of the UV level lation was performed on 108 experimental levels with a

21positions. Although these magnetic parameters have con- r.m.s. value of 14.6 cm , for 16 free ion and 5 crystal
k isiderably improved the energy level scheme fitting, not all field parameters. The M and P were kept in the appro-

k 0 i 2of them vary freely. The M /M (k52, 4) and P /P priate ratio [11]. The values of the free ion parameters are
31(i54, 6) ratios were kept constant according to Ref. [11] larger than in the case of the Nd ion, as expected. This

2 0 4 0 4 2 6 2(M /M 50.56, M /M 50.31, P /P 50.50 and P /P 5 means a more important interaction between the 4f con-
0.10, respectively). The cf parameters vary only slightly in figuration and excited configurations. The calculated wave
the rare earth series as expected in an isostructural series. functions are not completely good because the states

21 2 2All parameters are listed in Table 2. situated around 24 200 cm ( G(1) or H(2) ) and9 / 2 9 / 2
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4Fig. 3. Polarized and nonpolarized absorption spectra of the F level at9 / 2

9 K.

Table 2
314 Free ion and crystal field parameters of the Er ion in an approximateFig. 1. Polarized and nonpolarized absorption spectra of the S level at3 / 2

2 0 4 0 4 2 6 2D symmetry in LiYF matrix; the M /M , M /M , P /P and P /P4.2 and 300 K; emission spectra of this level at 77 K. ‘‘1’’ and ‘‘2’’ refer 2d 4
4 ratios are fixed according to Ref. [11]respectively to transitions from the S sublevels to the CF components3 / 2

21of the ground level. Parameter Value (cm )
0E 35 214.19
1E 6607.22
2E 32.99
3E 664.86

a 18.29
b 2589.84
g 1755.61

2T 455.12
3T 38.43
4T 83.67
6T 2348.26
7T 243.92
8T 388.37

z 2378.00
0M 4.10

2[M ] 2.30
4[M ] 1.27

2P 801.82
4[P ] 400.90
6[P ] 80.18

2B 323.070
4B 2753.830
4B 21052.244
6B 243.600
6B 2623.594

Number of levels 1094Fig. 2. Polarized and nonpolarized absorption spectra of the I level at9 / 2 r.m.s. (s) 14.6
9, 30 and 300 K.
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