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Abstract

31The FT-Raman spectrum of the polycrystalline GdOCl doped with 1 mol% Sm was measured at room temperature using a cw
21Nd:YAG laser with the excitation wavelength of 1064 nm (9400 cm ). Besides the very weak Stokes and anti-Stokes Raman lines the

31additional strong lines were concluded to result from luminescence processes. The UV–Vis–NIR absorption spectra of GdOCl:Sm
31 31(x 50.06) and the energy level simulation of Sm in SmOCl yielded the energy level scheme of Sm . The additional lines could beSm

31 21assigned to the IR and visible Stokes and anti-Stokes luminescence of Sm . Absorption of the 9400 cm photons leads first to transition
6 4 31 21to the F and then to the F energy level of Sm . The lines corresponding to luminescence at 13 596 and 12 310 cm could then9 / 2 3 / 2

4 6 6be assigned to the anti-Stokes transitions from the F energy level to the H and H levels, respectively. Also lines in the3 / 2 13 / 2 15 / 2
31Stokes emission originate from the luminescence processes of Sm . However, all the extra lines in the Raman spectrum have not yet

been explained by the luminescence processes.  2000 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

Up-conversion from IR radiation to visible light or UV
radiation has been reported for several rare earths (RE),

31 31 31 31 31e.g. Pr , Eu , Er , Ho and Tm [1–10]. These
studies have been focused to develop solid state up-conver-
sion lasers based on rare earth doped bulk materials and

31fibres. Up-conversion for Sm has not yet been reported.
Up-conversion can occur through different processes (Fig.
1) [11–13]. One of the most efficient processes leading to
up-conversion is the excited state absorption (ESA) which

31is now reported to occur in Sm -doped GdOCl. Initially
31an ESA process involving a Sm impurity was suggested

as a reason for a very complex Raman spectra of
M Eu(PO ) (M5K and Rb) [14].3 4 2

In this work the Raman spectrum of polycrystalline
31GdOCl doped with 1 mol% Sm was measured at room

q rdPresented at the 3 International Winter Workshop on Spectroscopy
and Structure of Rare Earth Systems, Szklarska Poręba /Wroclaw, Poland,
April 27–May 1, 1999.
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31¨ ¨E-mail address: jholsa@utu.fi (J. Holsa) Fig. 1. Up-conversion processes in the RE ions [11–13].
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temperature using a cw Nd:YAG laser with the excitation
21wavelength of 1064 nm (9400 cm ). The resulting

spectrum was compared to that of pure GdOCl. The
31UV–Vis–NIR absorption spectra of GdOCl:Sm (x 5Sm

0.06) was measured and the results were compared to the
31calculated energy levels of Sm in SmOCl [15]. The

31Stokes and anti-Stokes Raman lines of GdOCl:Sm
(x 50.01) were analyzed and compared to the possibleSm

31luminescence transitions of Sm .

2. Experimental

2.1. Sample preparation
Fig. 2. Comparison of the room temperature Raman spectra of GdOCl

31and GdOCl:Sm (x 50.01) using a cw Nd:YAG laser with theSm The powder samples of SmOCl, GdOCl, and
21wavelength of 1064 nm (9400 cm ). 31GdOCl:Sm (x 50.01 and 0.06) were prepared by aSm

solid state reaction between high purity RE O and2 3

NH Cl. In order to avoid any remaining RE O a NH Cl/4 2 3 4

Table 1 RE O ratio equal to 2.1 was used. The well homogenized2 3
k 21Free ion and crystal field B parameters (cm ) for SmOCl (no. of levelsq mixtures were heated first at 4508C for 0.5 h followed by

21153; s 523 cm ) recrystallization at 9008C for 1 h in a static N atmosphere.2
Parameter Value Parameter Value Parameter Value The nitrogen atmosphere was used to prevent the reverse

2 4 reaction from the oxychloride to oxide. The structure andF 78 167 b 2590 B 25270
4 4F 55 878 g 1654 B 6766 purity of the products were confirmed by the routine X-ray4
6 6F 39 779 z 1150 B 10060 powder diffraction techniques and no impurity phases were

2 6
a 19.56 B 2871 B 63460 4 observed.

31Fig. 3. Room temperature Raman spectrum of GdOCl:Sm (x 50.01).Sm
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Table 2. ContinuedTable 2
21Experimental and calculated energy levels (cm ) of SmOCl up to 19 000 2S11L level E E21 J obs calccm

46 9216 92072S11L level E EJ obs calc 47 9244 9248
6 48 9270 92711 H 2335 / 2

Average 92142 248
3 300 649 F 10 50711 / 2Average 172 50 10 522 10 515

6 51 10 572 10 5854 H 10607 / 2

52 10 6065 1152
53 10 6446 1278
54 10 6537 1401
Average 10 585Average 1223

46 55 G 17 703 17 7608 H 2269 5 / 29 / 2

56 17 955 18 0159 2310
57 18 13810 2485
Average 17 97111 2485

12 2591 458 F 18 889 18 8883 / 2Average 2428 59 18 909 18 894
6 Average 18 899 18 89113 H 356511 / 2

14 3614
15 3786
16 3825
17 3831 3836 2.2. FT-Raman measurements
18 3902 3907
Average 3756 The room temperature Stokes and anti-Stokes Raman

6 3119 H 4895 4900 spectra of the polycrystalline GdOCl and GdOCl:Sm13 / 2

20 5040 (x 50.01) were measured with a Bruker FRA 106 FT-Sm21 5152 5164 Raman accessory. A cw Nd:YAG laser was used at the
22 5234 5245 21wavelength of 1064 nm (9400 cm ). The resolution of23 5253 5255

21the set-up was 4 cm .24 5275
25 5275
Average 5165

2.3. Absorption measurements
626 H 6188 621915 / 2
627 F 6410 6462 311 / 2 The UV–Vis–NIR absorption spectra of GdOCl:Sm628 H 6568 658815 / 2 (x 50.06) and SmOCl were obtained with a VarianSm29 6613

CARY 5E apparatus in the 200–2700 nm range at 9 K.30 6631 6630
˚31 6660 The instrument reproducibility was better than 2 A and the

32 6676 6667 ˚band width used was 0.6 A. The samples were prepared by
633 F 67033 / 2 mixing REOCl with KBr and pressing a transparent disc.

34 6714
Average 6709

635 H 6818 682415 / 2

3. Results and discussion36 6872
Average 6634

6 The lighter RE oxychlorides, REOCl, RE5La–Ho, (Er,37 F 7162 71865 / 2

38 7209 7227 Y), have the tetragonal PbFCl-type structure [16] with
39 7264 space group P4/nmm (N8 129; Z52 [17]). The RE and
Average 7226 halide atoms reside in a crystallographic 2c site of C4v

640 F 8003 8002 point symmetry and the oxygen in a 2a site of D7 / 2 2d
41 8048 8056 symmetry [17]. A total of 15 vibrational modes (with
42 8069 8083 acoustical modes excluded) are distributed in the factor
43 8085 8103

group D in the following manner [18]:4hAverage 8051 8061
644 F 9155 91559 / 2 G 5 2A 1 3E 1 B (or B ) 1 2A 1 2Evib 1g g 2g 1g 2u u

45 9189

where the gerade (g) vibrations are Raman active and the
ungerade (u) vibrations are IR active.
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The room temperature Raman spectrum of GdOCl 3.1. Stokes luminescence
shows five of the six possible lines corresponding to the

21Absorption of the Nd:YAG radiation at 9400 cm firstmodes with the irreducible representations 2A 1 3E 11g g
31 631 resulted in the excitation of Sm to the F level (theB but the Raman spectrum of GdOCl:Sm (x 50.01) 9 / 21g Sm

crystal field (cf) components are at 9155, 9216, 9244, andis unexpectedly complex (Fig. 2). In addition to the weak
219270 cm ) (Table 2). The difference is made up with theStokes and anti-Stokes Raman lines very strong lines were

21 absorption by the lattice phonons and broadening of theobserved (Fig. 3) in the Stokes region at 2000–4000 cm ,
lines at room temperature. Through non-radiative pro-which is well beyond the conventional Raman lines (|500

6 621 cesses the excitation energy migrates to the F , F ,cm ). Also weak lines were observed in the anti-Stokes 5 / 2 7 / 2
6 621 and H levels. Luminescence from the F level toregion from 24500 to 22000 cm . Due to the intensity 15 / 2 5 / 2

6 6 6the H level and from the H and F levels todifference of the additional lines between the Stokes and 15 / 2 15 / 2 7 / 2
6the H ground level was observed in the Stokes Raman5 / 2anti-Stokes regions it was suggested that the extra lines

spectrum (Figs. 4a and 5, and Table 3). Transitionsresult from the Stokes and anti-Stokes luminescence
between individual Stark level could not be identifiedprocesses. According to expectations the anti-Stokes
because of high temperature leading to population ofluminescence is not as efficient as the Stokes lumines-

2S11higher Stark levels of the emitting L levels. AverageJcence.
energies correspond well to the observed lines, however.The extra lines were subsequently explained by the

31luminescence processes of Sm with the aid of the UV–
31Vis–NIR absorption spectra of GdOCl:Sm (x 50.06)Sm

31 3.2. Anti-Stokes luminescenceand the energy level simulation (Table 1) of Sm in
SmOCl [15]. The broad bands observed probably result

4 3121 The excited F level of Sm absorbs a secondfrom the CTS-luminescence of impurity Sm impurity 9 / 2
21Nd:YAG photon at 9400 cm and results in the excitationwhich is present due to the weakly reducing atmosphere

431 to the F level (the cf components are at 18 889 and(NH ) in the preparation of GdOCl:Sm . In the conven- 3 / 23
2118 909 cm ). The difference is made up with the absorp-tional anti-Stokes Raman region a reabsorption process is

tion by the lattice phonons and broadening of the lines atobserved, which causes the sharp line absorption in broad
4room temperature as before. Luminescence from the Fband luminescence. 3 / 2

21 31Fig. 4. Parts 5800–7300 (a), 8100–10 700 (b), and 11 000–15 000 cm (c) of the Stokes and anti-Stokes Raman spectrum of GdOCl:Sm (x 50.01) atSm
31room temperature converted to absolute energies. The lines concluded to result from the luminescence of Sm are marked with an asterisk.
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Table 3
31Lines in the Raman spectrum resulting from the luminescence processes of Sm in GdOCl

21 a 21Transition Calculated energy range (cm ) Experimental (cm )

Stokes luminescence
6 6H → H 5888–6818 5921, 615615 / 2 5 / 2

6555, 6800
6 6F → H 6602–7025 66347 / 2 7 / 2
6 6F → H 6862–7209 6875, 7139, 72425 / 2 5 / 2

Anti-Stokes luminescence
4 6F → H 12 071–12 721 12 3103 / 2 15 / 2
4 6F → H 13 636–13 994 13 5963 / 2 13 / 2
4 6G → H 13 801–14 390 14 1265 / 2 11 / 2

a Calculated from the crystal field splitting of the corresponding excited and ground state.

6 6level to the H and H levels was observed in the 4. Conclusions15 / 2 13 / 2

anti-Stokes Raman spectrum (Figs. 4c and 5, and Table 3).
31Through non-radiative processes the energy migrated from ESA and up-conversion luminescence of Sm in

4 4the F level to the G level from which luminescence GdOCl was observed in the Raman spectrum of3 / 2 5 / 2
6 31to the H level was observed in the anti-Stokes GdOCl:Sm (x 50.01). Most of the unconventional11 / 2 Sm

spectrum (Figs. 4c and 5, and Table 3). Unfortunately, Raman lines were proved to result from Stokes and anti-
4 4 31luminescence from the F and G levels to levels Stokes luminescence of Sm . However, a few lines were3 / 2 5 / 2

6lower than H were not observed due to the limited not explained and the broad bands require further consid-11 / 2

spectral range of the FT-Raman accessory used. erations. Further studies include luminescence measure-
ments at different temperatures and with different doping

31levels of Sm . Also dynamic luminescence measurements
will be carried out at different experimental conditions and
the effect of the host lattice will be investigated.
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