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1. Introduction

The first reported ternary rare-earth metal(III) oxoarsenate(V) with
the composition RE[AsO,4] was in 1934 the yttrium compound Y[AsO,4]
[1] in the xenotime-type structure crystallizing tetragonally with space
group I4;/amd. Thus its structure has to be identical with the one of
the mineral chernovite RE[AsO4] (RE: mainly Y and Ce) [1]. The
xenotime-type structure is known for all oxoarsenates(V) RE[AsO4]
containing rare-earth metals with small cationic radii (RE = Sc, Y, Sm —
Lu) [1-11] and became named after the rare-earth metal(III)
oxophosphate(V) mineral xenotime RE[PO4] (RE: mainly Y and Yb)
[1], which shows the same structural arrangement as the mineral
zircon Zr[SiO4] [12]. The oxoarsenates(V) RE[AsO,4] with lighter and
larger rare-earth metal(III) cations (RE =La — Nd) crystallize in the
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monoclinic monazite-type structure (space group: P2;/n) [1-4,13],
also named after the isotypical rare-earth metal(III) oxophosphate(V)
mineral monazite RE[PO4] (RE =mainly La and Ce) [14]. A high-
pressure phase transition to the tetragonal scheelite-type crystal
structure in space group [4,/a was reported for most of the rare-earth
metals (RE = Y, La — Nd, Sm, Tb, Dy, Er, Yb, Lu) [15-18] in their
oxoarsenates(V) RE[AsO,] referring to the isotypic mineral scheelite
(Ca[WO4]) [19]. The phase transition for the yttrium compound into
the scheelite-type structure should start at 8 GPa and be completed at
12 GPa as found for the natural chernovite material (Y[AsO,4] with 0.8%
La and 0.6% P) [15]. Both tetragonal structures share eightfold oxygen
coordination spheres (C.N. =8) for the RE>* cation, whereas the
monoclinic monazite-type offers a coordination number of nine.
Besides the oxoarsenates(V), oxoarsenates(III) of the rare-earth metals
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could also synthesized. Here the compositions RE4[As>05]2[As4Og]
(RE =Nd and Sm) [20,21] were the first known rare-earth metal(III)
oxoarsenates(I11), followed by RE[AsOs] (RE = La and Ce) crystallizing
in the a-Pb[SeO3]- and the high-pressure K[ClOs]-type structures
[17,22-24].  Furthermore, different derivatives of these
oxoarsenates(IIT) with isolated [AsO3]>~ units were reported, which
contain additional anions like chloride (RE5Cl3[AsO3]4 (RE = La, Pr
and Nd) [25,26]) as well as both oxide and halide (RE;OCI[AsOs]» (RE
= La, Ce, Gd and Tb) [27,28], LasOBr[AsOs]> [29], and
RE;0,4Cl[AsO3], (RE = Pr and Nd) [30,31]), stemming from the halide
fluxes of flux-assisted growth experiments for single crystals of the
composition RE[AsO3].

2. Experiments, materials and methods

The precursor of yttrium(III) oxoarsenate(V) Y[AsO4] in the
xenotime type was prepared by dissolving yttrium sesquioxide (Y»Os:
99.9%, ChemPur, Karlsruhe, Germany) in nitric acid (HNOj3: 13%,
Scharr, Stuttgart, Germany) under stirring und heating. A stoichio-
metric amount of dissolved arsenic(V)-oxide hydrate (As,Os5-3H>O:
99%, Merck, Darmstadt, Germany) was added to this solution, which
finally became neutralized dropwisely with 1M caustic soda (as
aqueous solution of NaOH). A permanent precipitation was observed
at a pH value of six, completed at pH = 7. The product was washed with
demineralized water and dried at 100 °C for 3 h. For the Eu®**-doped
compound a small amount of europium sesquioxide (Eu,O3: 99.9%,
ChemPur, Karlsruhe, Germany) was directly added to the yttrium
sesquioxide before its dissolution in nitric acid. As expected the
crystallinity of the synthesized compounds was very poor and the X-
ray powder diffraction (XRPD) patterns recorded with a STADI-P
(STOE & Cie GmbH, Darmstadt, Germany) combined with a IP-PSD
detector (STOE & Cie GmbH, Darmstadt, Germany) showed only broad
peaks (Fig. 1). The heat treatment of the xenotime-type compound
Y[AsO4] led to an enhanced crystallinity, as well as the subsequent
high-pressure experiment for the formation of scheelite-type Y[AsO4].

Fig. 1. X-ray powder diffraction patterns of the untreated xenotime-type Y[AsO,] (blue),
samples after heating up to 850°C and cooled down slowly (cyan), xenotime- and
scheelite-type Y[AsO,] after a high-pressure experiment of 18h (green) and pure
scheelite-type Y[AsO,4] after a high-pressure treatment of 44h (orange) compared to
theoretical patterns of Y[AsO4] xenotime-type (dark blue) and the scheelite-type Y[AsO4]
(yellow). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Arrangement of the various components in the WC pressure cell used for the
high-pressure experiments.

Fig. 3. Rietveld refinement (black line) in the range of 11° < 20 < 89° of a Y[AsO,]:Eu**
powder pattern (red dots) including Bragg positions (green bars) and difference Yops—
Ycale (blue line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

For this experiment the untreated, just dried xenotime-type precursor
powder was filled into small gold ampoules with a diameter of 2 mm
and a length of 10 mm, which were sealed under atmospheric condi-
tions with an arc welder. The filled ampoules before and after the high-
pressure treatment were identified by their weight. These experiments
were achieved in a piston-cylinder apparatus using a WC vessel with a
pressure chamber of !/, in. diameter (Fig. 2). Four gold ampoules (1)
were put into a cylindric, 4 cm long, low-friction pressure cell (2) of
pressed sodium chloride with four fitting recesses around a central hole



Table 1

Crystallographic data and structure refinement for both tetragonal polymorphs of Y

[AsO4].
Empirical formula YAsO,4
Structure type Xenotime Scheelite
Crystal system tetragonal

Space group

Relative molar mass, M,
Lattice parameters: a, pm

¢, pm

c/a

Molar volume (Vy,, em® mol™)
Number of formula units (Z)
Calculated density (Dy, g em™)
F(000)

Absorption coefficient (u(MoKa), mm™)
hkl range

Collected reflections

Unique reflections

Rint / Ro

Refined parameters

R, / wR, (for all reflections)
Goodness of Fit (GooF)

Apgn (min/max), e” - 1076 - pm=
Extinction coefficient, 107 - pm™
CSD numbers®

Radiation

Instrument

Structure solution and refinement

I14,/amd (no. 141)
227.83
704.63(6)
628.94(5)
0.893

47.01

4

4.846

416

29.013
-9<h<9
-9<k=<9
-8<1<8
2031

104

0.040 / 0.014
12

0.015 / 0.030
1.070

-0.32 /0.35
0.031(2)
432,488

Mo-K, (A = 71.07 pm)

I4,/a (no. 88)

498.23(4)
1120.71(9)
2.249
41.88

4

5.440

32.567
-6<h=<6
-6<k<6
-14<1<14
1621

165

0.091 / 0.049
15

0.053 / 0.075
0.928

-0.638 / 0.672
0.004(1)
432,487

k-CCD (Bruker-Nonius)

SHELX 2013 [42]

# Further details of the crystal structure investigations may be obtained from FIZ
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-
mail: crysdata(at)fiz-karlsruhe(dot)de, on quoting the given deposition numbers.

Table 2
Atomic positions and equivalent isotropic displacement parameters” for both tetragonal
polymorphs of Y[AsO4].

Atom Site x/a y/b z/c Ueq / pm®
Xenotime-type Y[AsO4]

Y 4a 0 34 s 98(3)

As 4b 0 Yy 3/g 100(3)

(6} 16h 0 0.4311(3) 0.2009(3) 173(6)
Scheelite-type Y[AsO,4]

Y 4b 0 1, 5/g 137(5)
As 4a 0 Y4 s 137(6)

O 16f 0.2482(9) 0.1040(9) 0.4528(4) 154(9)

? Ueq ="/5 (U1 + Uy + Us) [43,44].

for the sensor of the chromel-alumel thermocouple (9) to monitor and
regulate the temperature within the furnace. The bottom is locked by a
massive piece of sodium chloride (3), while the space in the cylinder is
filled with fine powder of sodium chloride. A segment of calcinated
pyrophyllite (4) is joining to the top also prepared with a drilling for the
thermosensor. All these parts are put into a furnace of steel surrounded
again by pressed sodium chloride (5,6). A base plug of steel cased by
pyrophyllite (7,8) above and a platelet of carbon, a ring of steel and a
piston (10—12) at the lower end finish the internals and are put into the
high-pressure cell of tungsten carbide and mica (13—-15) including an
external water cooling system.

As far as possible the same conditions were chosen for both
experiments to obtain the high-pressure phase of Y[AsO4] and
Y[AsO,4]:Eu®*, only the reaction time was increased. While the treat-
ment with a pressure of 20 kbar at 700 °C within errors of + 1 kbar and
+20°C for the ampoules filled with undoped yttrium(III)
oxoarsenate(V) lasted only 18h, the time for the Eu**-doped com-
pounds was increased to 44h. A higher quality of crystallinity was
observed for all samples after the high-pressure treatment, but only the
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Fig. 4. Comparison of the trigonal dodecahedra of oxygen atoms surrounding the Y**
cations described as interpenetrating prolated (top) and oblated tetrahedra (bottom) in
the scheelite-type (left) and the xenotime-type crystal structure of Y[AsO,4] (right).

Table 3
Selected interatomic distances (d/pm) and angles (</°) in both tetragonal polymorphs of
Y[AsO4].

Xenotime-type Y[AsO4] Scheelite-type Y[AsO,]

[YOs]*®~ polyhedron [YOs]*®~ polyhedron

Y-O 229.7(2) (4%x) Y-O 232.4(4) (4x)
Y-O 241.4(2) (4x) Y-0O' 240.5(4) (4x)
[AsO4]% tetrahedron [AsO4]% tetrahedron

As -0 168.1(2) (4x) As -0 169.2(4) (4x)
O-As-0 98.7(1) (2x) O-As-0 105.4(1) (4x)
O-As-0 115.1(1) (4x) O-As-0 118.0(3) (2x)

Fig. 5. Tetrahedral [AsO4]>~ anion surrounded by eight Y>* cations in the scheelite-type
(left) and by six Y** cations in the xenotime-type structure of Y[AsO,4] (right).

longer lasting experiments with the europium(III)-doped compounds
showed a complete phase-transition to the scheelite-type structure
(Fig. 1). The experiments were stopped by switching off the heating,
resulting in a temperature decrease to less than 100 °C within a minute.
Afterwards the applied pressure was reduced to zero within 30 min.
Contrary to our expectation only the undoped Y[AsO,4] exhibited larger
single crystals up to 0.03 mm, measurable with a single-crystal X-ray



Fig. 6. Surrounding of the Y* cation by six [AsO,4]°~ anions attached via vertices (4x)
and edges (2x) in xenotime-type Y[AsO4].

Fig. 7. Chain of alternating trigonal [YOg]'®~ dodecahedra and [AsO4]°~ tetrahedra
connected via trans-oriented edges propagating along [001] in the xenotime-type
structure of Y[AsO,].

diffractometer k-CCD (Bruker-Nonius, Karlsruhe, Germany). A suc-
cessful and still irreversible phase transition to the scheelite-type
structure of yttrium(III) oxoarsenate(V) at a relatively low pressure
of 20 kbar seems remarkable as it is just one sixth of the reported
pressure for Y[AsO4] at room temperature, but in the same order of
magnitude as for Y[CrO4] [15]. The samples of scheelite-type
Y[AsO,]:Eu®* were measured a STADI-P using a PSD detector
(STOE & Cie GmbH, Darmstadt, Germany) and refined with Rietveld
methods (Fig. 3).

3. Results and discussion

Crystallographic data and structure refinement parameters for the
two Y[AsO,4] dimorphs are given in Table 1. The atomic positions and

Fig. 9. Photographs of three samples of Y[AsO4]:Eu®* under ultraviolet light with a
wavelength of A=254 and/or 366 nm with the weakly luminous untreated precursor
(mid) and samples of this precursor after a heat treatment at 850 °C for 48 h followed by
a slow cooling (bottom) and after a high-pressure experiment (20 kbar) for 44 h at 700 °C
(top).

equivalent isotropic displacement parameters are shown in Table 2.
Y[AsO4] crystallizes in both cases tetragonally and shows the space
group I4;/a with the lattice parameters a =498.23(4) and c
=1120.71(9) pm for the scheelite-type and I4,/amd with the lattice
parameters a = 704.63(6) and ¢ = 628.94(5) pm for the xenotime-type
structure with Z =4 for both. In either structure the crystallographi-
cally unique Y®* cations show an eightfold coordination with four plus
four O~ anions each in the shape of a trigonal dodecahedron with the
respective  fourfold distances d(Y—O)enotime =229.7(2) and
241.4(2) pm in the xenotime-type as well as d(Y—0)scheelite = 232.4(4)
and 240.5(4)pm (Table 1) in the scheelite-type structure. Both
polyhedra can be seen as a combination of two interpenetrating
bisphenoidally distorted tetrahedra: one is prolated and the other
one is oblated along [001] (Fig. 4). In both cases the trigonal
dodecahedra are connected to four adjacent [YOg]'®~ polyhedra via
shared edges. For the [AsO,]> units the four bond lengths between the
As®* cations and the O%™ anions are slightly shorter for the xenotime-
type with d(As—O)xenotime = 168.1(2) pm as compared to the high-

Fig. 8. Discrete [AsO4]% tetrahedra in the structure of scheelite-type Y[AsO4] as emphasized with views along [010] (right) and [100] (left).
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Fig. 10. Excitation spectra at 393 nm (left) and emission spectra at 616 nm (right) of
both polymorphs (xenotime- and scheelite-type) of Y[AsO4]:Eu®*.

Table 4
Assignment of the f—f transitions of untreated / treated xenotime-type and scheelite-type
Y[AsO,]:Eu®*.

Transition E (in eV) v (in em™) A (in nm)
Xenotime-type Y[AsO4]

5Dy—"Fo Not detected

5Dy—"Fy 2.12 /2.08 17,606 / 16,807 593 / 595
5Do—"F» 2.02 / 2.01 16,260 / 16,207 615 / 617
5Dy »7F5 1.91 /1.90 15,385 / 15,361 650 / 651
5Dy —7F4 1.78 / 1.77 14,347 / 14,306 697 / 699
5Dy —»7F5 1.64 / 1.64 13,245 / 13,263 755 | 754
Scheelite-type Y[AsO,4]

5Do—"Fy 2.12 17,606 586
°Dy—"Fy 2.09 16,863 593
5Do—"F» 2.01 16,234 616

5Dy —7F5 1.90 15,337 652

5D —7F4 1.77 14,265 701

5Dg —7Fs 1.64 13,245 755

pressure scheelite-type structure with d(As—O)scheetite = 169.2(4) pm
(Table 3). In addition, the angles <(O—As-0) of the [AsO,4]°" anions
get closer to the perfect tetrahedral angle, while moving from the
xenotime-type  structure (<(O—As—O)genotime =2 x98.7(1) and
4x115.1(1)°) to the high-pressure polymorph (<(O—As—O)scheelite
=4x105.4(1) and 2 x118.0(3)°). The arrangement of Y>* cations
surrounding the [AsO,4]%" anions changes from four terminal and two
bridging cations in the xenotime-type to just eight terminal ones in the
scheelite-type structure (Fig. 5). The pressure-distance paradoxon
described by Kleber [34] can be observed for the average distances as
well as the acceptance of the pressure-coordination rule by Neuhaus
[35], because the number of coordinating [AsO4]>" anions increases
from six to eight, although the number of first-sphere coordinating
oxygen atoms remains eight. Therefore, one of the eight oxygen atoms
of the trigonal [YOg]!®~ dodecahedron have to be connected by face or
two of them have to share an edge with the [AsO4]*>~ anion in the
xenotime-type structure. Here, the latter is applied, as it can be seen in
Fig. 6: the two opposite edges of the elongated disphenoid are linked by
[AsO4]°~ anions and chains of alternating [YOg]*®™ and [AsO4]%~
polyhedra propagate along [001] (Fig. 7) and dominate the structure
of xenotime-type Y[AsO,4]. In contrast to that such an arrangement can
not be found in the scheelite-type structure any more, as there is no
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Table 5

Raman shifts (/cm™?) of scheelite-type Y[AsO,] and xenotime-type Y[AsO,] recorded at
A=532nm compared with the minerals xenotime (Y[PO4]) [41], scheelite (Ca[WO,])
[40], and monazite (Ce[PO,4]) [39] (all with A =532 nm).

Scheelite-type ~ Xenotime-type ~ Xenotime (Y  Scheelite (Ca  Monazite (Ce

Y[AsO4] Y[AsO4] [PO4]) [Wo.D [PO.D
1070
1056 1057
1024 1028 1027
999 989
972
910
896
887
843 837
814
788
747
689
671 663 660
648 643 638
621
611
604
590
575 571
548
536
517
499
485
473 476
467 463 466
451
439 436 436
430
424
412 415
404 399 406 396
380 387
379 375 373 373
343 338
333
313 310
297
275 279 277
259 261
248 252
233 238 232
222 216 223
210 207
196 184
168
145

edge-sharing connection between the both oxygen polyhedra about the
Y3* and As®* cations leading to a more complex vertex-shared
arrangement (Fig. 8). Calculations of the MAdelung Part of the
Lattice Energy (MAPLE) [32,33] show that Y[AsO,] in the less dense
xenotime-type (MAPLE = 6673kJmol™") exhibits a slightly smaller
electrostatic part of the lattice energy than in the denser scheelite-type
(MAPLE = 6711kJ mol™). It is worth mentioning that our structural
investigations confirm well the results and calculations of Errandonea
and Sdez Puche et al. [15] for the natural mineral chernovite, if one
keeps in mind that its lanthanum and phosphorus content develops
slightly different lattice parameters. Moreover, another high-pressure
phase transition can be achieved at pressures higher than 32 GPa
resulting in the SrUO4-type structure [36,37] of YAsO,4, which no
longer contains isolated [AsO4]>~ tetrahedra, but vertex-connected
[AsOe]”~ octahedra forming layers according toX[AsO},0., '} (v =
vertex-connecting, t = terminal; d(As—O)g,y04 =172 — 188 pm) held
together by Y3* cations in (9 + 1)-fold oxygen coordination (d(Y—
O)sruoa =220 — 252 plus 288 pm) [15].



Fig. 11. Single-crystal Raman spectra of xenotime-type Y[AsO,4] (blue) and scheelite-
type Y[AsO,4] (orange) as compared to the spectra of the minerals monazite (Ce[PO4],
gray) [39], scheelite (Ca[WO4], yellow) [40] and xenotime (Y[PO4], dark blue) [41], all
recorded at A = 532 nm. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

4. Spectroscopy

The visual comparison of the Y[AsO,4] samples under UV light in a
MinUVIS (Desaga, Wiesloch, Germany) revealed very clear results
(Fig. 9). The untreated precursor of Y[AsO,]:Eu®* with the xenotime-
type structure exhibits only a very weak luminescence of blue to purple
at both wavelengths used (254 and 366 nm), whereas the compound
recrystallized at 850 °C in a CsBr flux already shows a greater portion of
red light. The high-pressure phase Y[AsO4]:Eu®* with the scheelite-
type structure finally displays a bright, red luminescence at an
excitation wavelength of A=254 nm. However, a stimulation with a
radiation of A =366 nm results in a diminished luminescence for all
samples. These first impressions were excellently supported by lumi-
nescence measurements (Fig. 10) recorded with a FluoroMa6
(HORIBA Jobin Yvon, Bensheim, Germany). In the emission spectra
of both polymorphs all f—f transitions from °Dg to “F,; (J =1 — 5) and
for the scheelite-type phase also those from °D, to “F,, were observed at
the expected wavelength (Table 4). But in the excitation spectra there is
a noticeable difference by a charge-transfer band, which is only
observed in the high-pressure phase. This broad charge-transfer band
of Y[AsO4]:Eu in the scheelite-type structure is located at 250.5 nm,
which matches well with other oxoanionic europium(III) compounds
like Eu[PO4] (231.5 nm) or Eus[SO4];5 (237.0 nm) [38].

Single-crystal Raman experiments were carried with an XploRA
Raman microscope (HORIBA Jobin Yvon, Bensheim, Germany) for
both yttrium(III) oxoarsenate(V) phases and exhibit a variety of
different bands with wavenumbers between 100 and 900 cm™. The
strongest bands of the xenotime-type phase are localized at 896, 887,
499, 463 and 207 cm™!, whereas the main bands of the scheelite-type
phase show up at different peaks (648, 611, 404 and 379 cm™,
Table 5). The higher wavenumbers are each assigned to the symmetric
and antisymmetric stretching modes and the lower ones to various
deformation modes. The reason for the higher total amount and wider
distribution range of vibrations bands in the xenotime-type compounds
is caused by the different structural surrounding of the [AsO4]>~ units
as compared to the simpler one in the scheelite-type phase (Fig. 11).
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5. Conclusion

A new structure refinement of xenotime-type Y[AsO,4] was achieved
resulting in significant changes of several atomic distances as compared
to the well-known mineral chernovite. The experimental data prove a
high-pressure phase transition from xenotime- to scheelite-type
yttrium(III) oxoarsenate(V) Y[AsO4] increasing its density D, from
4.85 to 5.44 gcm™ (that means by 12.2%). In addition, the excitation
with ultraviolet light a bright red luminescence for the europium(III)-
doped compound with the scheelite-type structure with a charge-
transfer band located at 250.5 nm. As no such charge-transfer band
was observed in the spectra of xenotime-type Y[AsO,]: Eu, no
luminescence in this range occurs here. The single-crystal Raman
spectra exhibit the expected structure of bending modes for both
polymorphs with wavenumbers below 900 em™ owing to vibrations of
the discrete [AsO,4]>~ anions.
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