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Spectroscopy of the yttrium scandate doped by thulium ions
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The thulium-doped yttrium scandate crystal fiber has been obtained by the laser-heated pedestal growth method.
The crystal belongs to the bixbyite type, has a cubic structure and crystallizes in the |a3 space group. The
lattice parameters (a = 10.224(1)A) have been determined using the powder X-ray diffraction. Spectral-kinetic
measurements have allowed to detect two symmetrically independent optical centers of Tm>* ions in the crystal

fiber.
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1. Introduction

Scandium and yttrium oxides with the bixbyite structural
type are characterized by high thermal conductivity (twice
as high as that of yttrium aluminum garnet (YAG)) [1]
and a wide spectral window from 0.25 to 9.6um [2].
Such properties are especially appreciated when creating
solid-state lasers [3-7], so Y203 and Sc,O3; doped with
rare-earth ions can become a worthy alternative to YAG
crystals. Oxide materials are considered promising for
various applications, including: solid-state light-emitting de-
vices [8,9], high-performance luminescent materials [10,11],
rare-earth magnets [12,13], materials for magnetooptical
recording [14] etc.

Yttrium scandate is a polymorphic compound. Mean-
while, its high-temperature modification, as well as oxides
of yttrium [15] and scandium [16], belongs to the bixbyite
structural type with the space group a3 [17]. In the crystal
structure, one oxygen position with local symmetry C;
(Wyckoff position 48e) and two symmetry-independent
positions of cations are distinguished: with local symmetry
Csi (Wyckoff position 8b) and local symmetry C, (Wyckoff
position 24d) (Fig. 1). The previous studies of the
Nd**-doped YScOj; crystal with the bixbyite structure type
showed that Y3* and Sc** are statistically distributed
between two positions in a ratio of approximately 1:1
in each [18]. Meanwhile, Nd** freely replaces the main
cations. Moreover, large octahedral voids formed between
the main structural polyhedra can theoretically serve as
additional positions for impurity rare-earth ions. In order
to study the effect of the dopant ion radius on the structural
and spectroscopic characteristics of YScOs, crystal fibers of
yttrium scandate doped with Tm?* were synthesized and
characterized in this work.

2. Experimental part

The Tm3*:YScOs crystal has been synthesized by the
laser-heated pedestal growth method [19,20]. This technique
allows to synthesize fiber-shaped crystals and is well suited
for obtaining high-melting-point materials and compounds
with a disordered crystal structure, since it is accompanied
by high-temperature heating and subsequent rapid cooling.
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Figure 1. Crystal structure of yttrium scandate with space group
la3. Gray denotes Y°* and Sc®' ions statistically distributed
between two symmetry-independent positions; black — oxygen
ions, white and dark gray — coordination polyhedra with local
symmetry Cs; and C,, respectively.
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Part of the resulting crystal fiber was ground in an agate
mortar and characterized by the X-ray diffraction analysis.
The diffraction pattern was recorded on a Bruker D8
Discover A25 DaVinsi Design X-ray diffractometer with
a scanning interval of 20 = 15—80°, a scanning rate of
0.02°, an exposure time of 1.0s. A Siemens KFL ceramic
X-ray tube with CuK, radiation (U =40kV, | =40mA,
A=0.154nm) was used as a radiation source. The
spectrum was processed using the EVA program ver-
sion 2.1 and decoded using the PDF-2 database version
2011. The spectra indication and the unit cell parameters
determination were carried out using the TOPAS 4.2 2
software.

The Raman spectra were recorded using an EnSpectr
R532 portable express Raman analyzer (laser wavelength
of 532nm) equipped with an Olympus microscope. The
measurements were carried out at a fortyfold magnification,
focusing was carried out approximately at the core of the
fiber. Each spectrum is the difference between the spectrum
taken with the laser running and the dark spectrum. The
subtraction of one spectrum from another was carried out
automatically by the EnSpectr Pro program.

The spectral-kinetic characteristics of the Tm3*:YScOj3
crystal fiber were obtained using laser-selective spectroscopy
methods. Luminescence spectra were recorded on an
MDR-23 monochromator. Hamamatsu R5108 photomul-
tipliers and a Thorlabs PDA30G-EC PbS detector with
amplification were used as photodetectors. A tunable laser
complex LQ529B-LP 604 (Solaris LS) was used as an
excitation source.

3. Results and discussion

To grow crystals, high-purity powders (> 99.999%) of
scandium, yttrium, and thulium oxides (0.1 mol.%) were
mixed and ground in an agate mortar to a homogeneous
state. Then the mixture was placed in a platinum crucible
and calcined at a temperature of 1100°C for 48 h. A rod was
obtained corresponding to the composition of the powder
mixture 0.1 mol.% Tm,03-Y203-Sc,03, about 50 mm long
and 1 mm in diameter under the pressure of 20 MPa.

Top edge of the cylindrical preform (rod of composi-
tion 0.1 mol.% Tm;03-Y,03-Sc,03), located vertically, was
heated by CO; laser radiation. As a result, a drop of melt
formed on the pedestal (the top edge of the cylindrical
preform). A seed crystal was introduced into this area.
Yttria-stabilized zirconia was used as a seed. At the
seed contact with the melt and subsequent pulling of the
crystal at a speed of 80 mm/h, a crystal fiber was formed
in a shape close to cylindrical at the end of the seed.
Simultaneously with the stretching of the growing crystal,
the preform was fed into the heating zone to compensate
for the consumption of material carried away from the melt
zone by the grown fiber. As a result of the synthesis,
a crystal fiber 0.6 mm in diameter and 50 mm long was
obtained.
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Figure 2. X-ray powder diffraction pattern of Tm** :YScOs. The
most intense peaks are indexed.
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Figure 3. Raman spectra of Y,O3; (dashed line) and Sc;0O3

(dotted line) and crystal fiber Tm*" : YScOj; (solid line).

Structural characteristics of the crystal fiber, a part
of which was ground into powder, were obtained by
X-ray diffraction analysis. X-ray diffraction pattern of
Tm3*:YScO; contains well-defined narrow peaks (Fig. 2),
which indicates a high degree of crystallinity. According
to X-ray diffraction data, the compound Tm3*:YScO; is
homogeneous and belongs to the bixbyite structural type
(space group la3), the lattice cell parameters are defined as
a = 10.224(1) A. Peak indexing is shown in Table 1. The
most intense peaks are indicated in Fig. 2.

The Raman spectra were obtained for the initial materials
(Y203 and Sc,O3 powders) and crystal fibers Tm>* : YScO;
(Fig. 3).

The primitive cell of yttrium scandate contains 40 atoms
(8 formula units). Thus, the group-theoretic analysis leads
us to the following distribution of 120 phonon modes at the
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Table 1. Indexing of X-ray diffraction pattern peaks I' = 0 point of the Brillouin zone [21,22]:
Tm>" :YScO;. hkl — reflection indices, d — interplanar spacing,
20 — diffraction angle, | — intensity of reflection peaks, m — I' = (3Ag + 3A, + 3Ey + 3e, + 9Fy + 9F,)
multiplicity reflections. (local symmetryCy)
Nlnlk|[1]m] d [dpsg| 20 [2008] 118 + (Ag + Ay + Eg + By + 5Fg + 5F))
1{ofo|2] 6 5.1083 17346 | 036 (local symmetry C2)
212(1]1]24|4.1756|4.1709 | 21.261 | 21.285 | 13.54 )
3{0[2]2]12]36162 36121 | 24598 | 24626 | 0.04 T (Au+ Byt 3R (local symmetry Ci(S5)).
4121212] 8129526129493 | 30.246 | 30.28 | 100.00 After subtracting 1F, acoustic modes, there are
2 ; g i gi ;;;;g ;;;gg gg;;j gg;;g 88; 16F, IR-active, (Ay+ 4Ey+ 14F;) Raman-active and
' ' ' ' ' 5A, + SEy) optically inactive phonon modes.
700|0|4]| 625570 | 25542 | 35065 | 35.106 | 1845 ( u) Opticaty P ,
84| 1|1|24|24108 | 24081 | 37268 | 37312 | 462 In the series Sc;03 — YScO3 — Y105 there is the ,,mass
9lol4]212122871 12284539365 | 39411 048 effect”, in which the vibrational modes are shifted to a lower
10(4|0|2 1222871 |2.2845|39.365 | 39411 0.73 frequency area with an increase in the cation mass. The
11{3]3(2]2421806|2.1782 | 41.372 | 41421 836 spectral lines of yttrium scandate are broadened, probably
1214222420878 | 20855 | 43.302 | 43353 | 103 due to the presence of both Y3* and Sc3* ions statistically
}i i ‘31 } gj ;gggg ;gggg jgigg jggig gég distributed between two positions in the bixbyite crystal
15121511124 13674 | 13653 | 48724 | 48782 179 struct.ure. Due to partial overlap, the number f)f lines in the
161512111241 138674 118653 | 48724 | 48782 148 experimental spectrum of the scandate crystal is much lower
17101414112 18081 | 1.8061 | 50432 | 50492 | 4756 than the number of lines predicted by the group-theoretical
18141313241 17541 | 1.7521 | 52,098 | 52.161 214 analysis. Table 2 shows the identification of Raman-active
19(0(0|6| 617047 | 1.7028 | 53.728 | 53.793 040 vibrations [23].
20 |4 |4|2]|24|1.7047 | 1.7028 | 53.728 | 53.793 0.07 Luminescence excitation spectra of Tm?T at the
211611124 16592 | 16574 | 55324 | 55392 | 347 3Hg — 3Hs transition with selective recording of spectra
2235|224 1659216574 | 55324 | 55392 | 096 at 1945nm (transition 3F; — He) were obfained at a
23151312241 16592 16574 55324 | 55.392 115 temperature of 77K (Fig. 4). The spectra show two
2410(6|2]|12]1.6172 | 1.6154 | 56.890 | 56.96 0.78 . .
235 lelol2l12]16172 | 16154 | 56890 | 35696 042 most intense peaks at 12024 and 12094nm. The ratio
21514111241 15782 115765 | 58.429 | 58.501 268 of the intensities of these spectral lines varies depending
271415111 24115782 115765 | 58429 | 58,501 1.86 on the time delay of detection relative to the moment
28 162|224 |1.5419 | 1.5402 | 59.942 | 60.017 | 27.23 of laser excitation, which allows to denote the presence
2916|3|1|24]1.5081 |1.5064 | 61433 | 61.51 343 of two types of thulium optical centers with different
301316124 15081 | 15064 | 61433 | 61.51 313 lifetimes in the YScOs crystal. It is known [24] that
;; i ‘51 § 22 }ﬂgz }jﬁg 21212(5)131 21211912 (3)28 electric dipole transitions are forbidden for rare-earth ions
33| 5|43 24| 14465 | 14448 | 64354 | 64435 | 127 lé’(fated o Cer.ltrotshymg.lelt)“.ct pOtSItlotnS’ n pgrtllcm?‘r’ in the
341 0(6|4|12|14184| 14168 | 65788 | 65871 | 113 3iposthion 1n the bIXDylfe siructure, and. luminescence
3516104121 14184 | 14168 | 65788 | 65.871 022 from such centers should not be observed. The presence
3617121124 113919 | 13903 | 67.205 | 67.291 1.09 of the second optical center is due to local disorder [25] in
37(2(7]1]24]13919 | 1.3903 | 67.205 | 67.291 1.99
3816(3]3]24]1.3919| 13903 | 67.205 | 67.291 0.77
39(5(5]2]241.3919 | 1.3903 | 67.205 | 67.291 0.01 I
4016422413668 | 1.3653 | 68.608 | 68.696 023 L
41 1416|224 13668 | 1.3653 | 68.608 | 68.696 1.28
42 1713122412990 | 1.2975 | 72.741 | 72.836 0.08
43 (5|6 1]24]12990 |1.2975 | 72.741 | 72.836 |  0.00 =1 II
44 131722412990 | 1.2975 | 72.741 | 72.836 097 5r
4516512412990 | 1.2975 | 72.741 | 72.836 0.80 < L
46 0|0 8| 6| 1278512771 | 74.098 | 74.195 4.70 ; |
47 18| 1|1|24]1.2590 | 1.2576 | 75.445 | 75.545 1.74 Z
48 |47 (12412590 | 1.2576 | 75.445 | 75.545 0.76 g Iy
49 171412412590 | 1.2576 | 75.445 | 75.545 0.58 E r ¢
505542412590 | 1.2576 | 75.445 | 75.545 0.54 - 3
5110821212403 | 1.2389 | 76.784 | 76.886 0.54 ty
5218|0212 1.2403 | 1.2389 | 76.784 | 76.886 092 i | | | | | A
5316(4|4]|24|12403 | 1.2389 | 76.784 | 76.886 0.46 ' ' ' ' ' ' '
5416532412225 | 12211 | 78.116 | 78221 |  1.04 1160 1180 1200 1220
55(5(6 (3|24 12225( 12211 | 78116 | 78221 | 107 Wavelength, nm
56 101661212054 | 1.204 | 79.441 | 79.548 1.34 Figure 4. Luminescence excitation spectrum Tm*" : YScOs (time
571812 |2(24]12054 | 1.204 | 79.441 | 79.548 0.03 delays t; = 0.6ms, t; = 6ms, t; = 10ms, t4 = 12ms).
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Table 2. RRS-active vibrations in Y203, Sc,03 and Tm>" : YScOs; exp. — experimental, calc. — calculated
Assignments [23] Sc,03, exp. [23] Sc,03, calc. [23] Sc,03 YScO3 Y,03, exp. [23] Y,03, calc. [23] Y,0;3

221 220 220 180 162 162 161
391 351 358 — — 306 318
Ag 495 498 494 - 431 460 467
623 593 — 590 — 553 542
273 273 273 — 194 198 194
359 332 — — 325 290 288
Eq 430 416 429 400 - 366 358
626 590 — — — 555 567
189 192 189 140 129 132 129
202 199 — 180 138 138 152
252 250 253 — 182 181 207
319 306 — — 235 234 217
329 311 319 — — 244 250
359 341 358 — 325 288 288
— 368 — — — 299 —
Fg 391 386 390 — — 338 327
419 412 418 400 377 368 377
— 472 — 460 — 416 429
_ 491 494 - - 442 467
523 536 522 495 469 495 499
587 605 624 590 — 545 514
669 646 670 630 592 581 592

the position with C3; symmetry when the Tm?* ion enters
this matrix, as a result of which the symmetry decreases
and the position becomes non-centrosymmetric. A similar
pattern was observed in a crystal of yttrium scandate doped
with Nd3* [18]. Therefore, we can conclude that the nature
of the distribution of a rare-earth impurity into the crystal
structure of a given compound does not depend on the
radius of the impurity ion.

4. Conclusion

Tm3*:YScO; crystal fiber with the bixbyite structure
type was obtained by the laser-heated pedestal growth
method. X-ray diffraction data indicate the homogeneity
of the sample and a high degree of crystallinity. The results
of the analysis of the Raman spectra indicate the statistical
distribution of the main cations Y3, Sc*>* between two
cationic positions with symmetry Cs (centrosymmetric)
and C, (non-centrosymmetric) in the bixbyite structure.
Selective laser spectroscopy methods revealed two types of
optical centers of Tm3* ions located in non-centrosymmetric
positions. The nature of the appearance of the second
optical center is associated with partial local disordering
in positions with C3; symmetry when the Tm3* impurity
ion enters the crystal structure. A comparison of two
YScO; crystals doped with Nd** and Tm** showed that
the spectral behavior of rare-earth impurities in a crystal
does not depend on their ionic radius.
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