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Abstract

Y.99Erg.91 VO4 and Lug g9Erg 01 VO4 zircon-type compounds have been synthesized by solid-state reaction starting from the parent
oxides. The obtained materials are single phase, well crystallized and homogeneous in the chemical composition.

The magic angle spinning-NMR characterization points toward the substitutional nature of erbium on the rare earth site. The
isotropic chemical shift of *Y in an orthovanadate is reported for the first time.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Rare earth orthovanadates are of interest due to their
unusual magnetic properties and as useful hosts for
luminescent cations such as Nd*", Er’", etc. In
addition, these compounds have been used as model
systems for the investigation of phase transitions for the
ABOy-type structure: in fact, the zircon-type vanadates
are reported to undergo to a reconstructive transforma-
tion to the denser scheelite-type structure at pressures
around few kilobars and 7 <600°C. The crystal
structure at room temperature of these compounds has
been widely investigated in the past, both with single
crystal X-ray and with neutron powder diffraction [1-6]:
the space group is I4; /amd (no. 141, origin in 8¢ 0.2 m)
with the V(V) ions in the 4b position (0 1/4 3/8), the
RE(III) ions in the 4b position (0 3/4 1/8) and the oxide
ions in the 16/ position (0yz) with y =~ 0.4 and z =~ 0.2,
depending of the nature of the rare earth. The structure
can be pictorially described as built up by chains of
alternating edge sharing VO, tetrahedra and REOg
bisdisphenoids. These chains run parallel to the c-axis,
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while the bisdisphenoids themselves form “zigzag”
chains running parallel to the a-axis. The VO, tetra-
hedra are slightly elongated as the edges shared with the
bisdisphenoids are shorter than those not shared. In any
case, the V-O bond length is unique and ~1.71 A, while
the eight RE-O bonds subdivide in two sets: four RE-O
short bonds shared with other bisdisphenoids (bond
length ~2.1-2.4 A, depending on RE) and four RE-O
long bonds shared with the tetrahedra (bond length
~2425A, depending on RE) [6]. In the present study,
we have synthesized high-quality powders of YVO, and
LuVO, both doped with Er'* (1% atomic ratio) by
solid-state reaction. The erbium doping was employed in
view of possible applications of these compounds as
luminescent materials. The local structure of the
compounds was investigated by °'V and *’Y magic
angle spinning (MAS)-NMR.

2. Experimental

RE,_,Er,VO4 (RE=Y, Lu) samples with x = 0.01
were synthesized by solid-state reaction starting from
stoichiometric amounts of RE>Os, V,0Os5 and Er,Oj of
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high purity (Aldrich >99.99%). The rare earth oxides
are known to react promptly with moisture and carbon
dioxide of the atmosphere. Therefore, immediately
before to weight the proper amount of each rare earth
oxide, a thermogravimetric analysis was carried out on
it (by means of a TA 2000 apparatus), and a correction
for the weight loss (around 1%) has been applied. The
powders were thoroughly mixed in acetone and then
pressed to pellets and allowed to react at 800 °C for a
total time of 12h in air. X-ray powder diffraction
(XRPD) and electron micro-probe analysis (EMPA)
inspections were performed to check the chemical and
phase purity of the obtained materials. XRPD patterns
were acquired on a Bruker D8 diffractometer equipped
with a Cu anticathode, adjustable divergence slit,
graphite monochromator on the diffracted beam and
proportional detector. The lattice constants were deter-
mined by minimizing the weighted squared difference
between calculated and experimental Q; values, where
0, = 45sin® 0; / /liz and weight = sin(26,)"°. Instrumental
aberrations were considered by inserting additional

Fig. 1. SEM images of the Y(o9ErgoVOs (upper panel) and
Lug g9Er 0 VO,4 (lower panel) compounds.

terms into the linear least-square-fitting model [7].
EMPA measurements were carried out using an ARL
SEMQ scanning electron microscope, performing at
least 10 measurements in different regions of each
sample. According to EMPA and XRPD, the above
synthetic procedure gave single-phase materials with
homogeneous composition. The SEM images of the two
compounds are shown in Fig. 1, to display their grain
shape and size distribution.

IV MAS-NMR spectra were collected with an
AMX400WB  spectrometer  (Bruker,  Germany,
By =9.4T), at the Larmor frequency of 105.19 MHz.
The spectra were acquired with a 4mm probehead
(Bruker), equipped with cylindrical zirconia rotors and a
boron nitride stator. The samples were spun at 12kHz
and the data were averaged over 12 k acquisitions using
a single-pulse sequence, with a 15° pulse of 0.5us, a
recycle time of 1s, and a spectral width of 1 MHz. The
baseline distortions were corrected by a linear prediction
of the first 10 points, followed by baseline correction
(WINNMR package, Bruker). The best-fit procedures
were performed with the WSOLIDS package [8].

%Y spectrum was acquired at 19.6 MHz, using a 7mm
probehead (Bruker) equipped with cylindrical zirconia
rotors and a boron nitride stator. The sample was spun
at 7kHz and the data were averaged over ~1500
acquisitions using a Hahn-echo sequence, with a 90°
pulse of 10 us, a 180° pulse of 20 ps and a recycle time of
35s. The spectrum was referenced to YCls.

3. Results and discussion
3.1. X-ray powder diffraction

Figs. 2 and 3 show the XRPD pattern of
Y.99Erg01 VO, and Lug g9Erg o VOy, respectively. As it
is seen all the diffraction effects can be indexed
according to the zircon-type vanadate structure. In
addition, both compounds appear to be very well
crystallized, the splitting between the o; and o, being
clearly visible above 20 = 25°. This is confirmed by the
SEM images shown in Fig. 1. The lattice constants
obtained by the procedure described in the experimental
are a="7.119(2), ¢ =6.290(2) for the Y99Ery o1 VO,
compound and a = 7.027(2), ¢=06.233(2) for the
Lug g9Erg 91 VO4 compound, in excellent agreement with
previous powder neutron diffraction measurements on
the un-doped compounds [6].

3.2. NMR

>V (I = 7/2) solid-state NMR spectroscopy is now
considered a technique-of-choice for the characteriza-
tion of local structure in vanadates, which are of
interest for relevant technological applications including
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Fig. 2. Indexed powder diffraction pattern of Ygg9Erg;VOs.
The pattern was indexed according to the JCPDS 82-1968 table.
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Fig. 3. Indexed powder diffraction pattern of LuggoErg;VOs.
The pattern was indexed as that of Fig. 2.

catalysis [9] and electrochemistry [10]. Both mono-
dimensional (MAS and SAtellite TRAnsition Spectro-
scopy, SATRAS) and two-dimensional (Multiple Quan-
tum, MQMAS) experiments have been recently applied
to the study of meta-, pyro- and ortho-vanadates
[9,11-14]. In particular, it has been shown that the
NMR spectra of orthovanadates are dominated by
electric quadrupolar interaction (the quadrupolar cou-
pling constant, Cq, spans between 1 and 6 MHz),
whereas the chemical shift anisotropy (CSA) is less than
100 ppm, due to the almost spherically symmetric
shielding tensor of the tetrahedral oxygen environment
(Q° unit) [9,14].

Figs. 4 and 5 show the >'V MAS-NMR central lines
of Y0_99Er0_01VO4 and Lu0_99Er0_01VO4, respectively. The
o-scales of the figures are referenced to the isotropic
shifts, relative to VOCIs, given in Ref. [15]. The spectra
of Figs. 4 and 5 are well fitted by a two-sites model: one
accounting for vanadium in the normal Q° site, and
another one due to vanadium tetrahedra perturbed by
erbium. Table 1 reports the quadrupolar parameters
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Fig. 4. 'V MAS-NMR spectrum (central line) of Y 99Erg0;VO,. The
inset shows an expansion of the line (a), together with its simulation
(b, see text).
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Fig. 5. >'V MAS-NMR spectrum (central line) of LuggoErg o VO,
The inset shows an expansion of the line (a), together with its
simulation (b, see text).

obtained by the best-fit procedure. The parameters of
the normal vanadium site (#1) are in good agreement
with those reported in the literature [15], except for the
asymmetry parameter of Lugg9Erg ; VOy, for which we
obtained 7q = 0.4 £ 0.2 to be compared with the figure
~( reported in the literature. The perturbed sites (42)
account for 2.3% and 3.4% of the total vanadium.
From the crystal structure, we see that each vanadium
Q" site shares edges with two rare earths polyhedra
(V-RE distance = 3.11&), and vertices with four RE
polyhedra (V-RE distance = 3.9 A). If we suppose that
all the RE are perturbing the V sites, irrespective from
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Table 1
Parameters of 'V MAS-NMR spectra
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Compound Cq (MHz) nq Relative intensity (%)
Yo.09Er0.01VOs4 Site #1 4.7640.1 0.03+0.05 97.740.1

Site #2 2.00+0.2 1.00+0.1 2.340.1
Lug 99Ero 01 VO, Site #1 4.2040.1 0.4+0.2 96.640.1

Site #2 4.8+0.2 0.5+0.1 3.4+0.1

Cq = quadrupolar coupling constant, 1 = quadrupolar asymmetry parameter. The best fits have been performed on the central lines, and on three

sidebands on each side of the main peak.

the distance, the expected probability for each V to be
perturbed is ~6%. In contrast, if we suppose that only
the RE at 3.1 A have a noticeable effect on the
quadrupolar parameters of the normal Q° site, the
perturbation probability is reduced to ~2%, in good
agreement with the best fits of our NMR spectra.
However, we stress that a correct estimation of the
relative areas should be performed over all the spinning
sidebands manifold [16], and not only over the central
line plus the most intense sidebands, as we have made
here for practical reasons. Our findings seem to point
toward a homogeneous substitution of Erbium for Y
and Lu in these compounds. In fact, other possibilities
are: (i) non-homogeneous substitution (clustering) and
(ii) interstitial occupancy with generation of cationic
defects. The first possibility can be ruled out, since it
would likely lead to a negligible number of perturbed
vanadium Q° sites. The second one is also unlike
because of the very similar ionic radii of Er’"
(0.88A), Y?* (0.89A) and Lu’" (0.85A). Moreover,
the presence of cationic vacancies should lead to a
distortion of the perturbed VO, tetrahedra, accompa-
nied by a change of the quadrupolar parameters and,
even, by an increase of the CSA [9]. This does not seem
the case for LugggErgo;VOy, since the quadrupolar
parameters change less than 15%, and the spinning
sidebands manifold does not show evidence of a larger
CSA for site #2. In the case of Ygg99Erg o VOy4, the
situation is somehow different, since site #2 is char-
acterized by a substantial reduction of Cq and by an
increase of 7g. Whereas the reduction of the coupling
constant goes contrariwise to an increased distortion of
the VO, tetrahedra, at present we have not a clear-cut
explanation for the increase of 5. Again, no variations
of the CSA pattern are observed.

Fig. 6 shows the *Y MAS-NMR spectrum of
Yo.99Erg0;1VOs. A single peak is observed with an
isotropic chemical shift of —66 ppm, and a full-width
at half-height (FWHH) of about 120 Hz. Although ¥Y
is a favorable spin-% nucleus, to date NMR studies are
very scarce because of its low gyromagnetic ratio
(~2.09 MHz/T), long relaxation times, and severe probe
ringing which is generally observed at low frequencies
(<30 MHz). While a number of wide-line and low-
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Fig. 6. Y MAS-NMR spectrum of YooEr o VO, The asterisk
marks a spinning sideband.

temperature studies have been reported on Y-containing
ceramic superconductors (see, e.g., [17]) and magnetic
materials (see, e.g., [18]), only a few papers appeared
about MAS studies of diamagnetic oxides. Grey et al.
[19] studied the effects of the incorporation of large
amounts of paramagnetic lanthanides in diamagnetic
pyrochlores Y,M,0; (M = Sn, Ti), showing that the
addition of the Ln ions caused the appearance of
additional resonances. Becerro et al. [20] recently
correlated the chemical shifts and the coordination
numbers of yttrium in silicates. Our present results
confirm the presence in the orthovanadate structure of a
unique Y site, whose chemical shift is compatible with
the YOg coordination expected for the 45 position of
14, /amd space group. No evidence is found of an
yttrium site perturbed by neighboring ErOg polyhedra,
although each REOg bisdisphenoid “‘sees” four similar
sites as the first neighbors. This finding may be
unexpected, above all if compared with the findings of
Ref. [19] and with our present 'V results, but can be
rationalized by considering that: (i) the substitution in
our samples is of 1%, against 30% of Grey et al. [19],
and (ii) the *Y spin-% spectrum is less sensitive than the
>V quadrupolar one to the local distortions caused by
erbium-for-yttrium substitution in the second coordina-
tion sphere.
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4. Conclusions

The synthesis of the Y 99Erg o VO4 and LuggoErg o1
VO, materials was successfully accomplished by solid-
state reaction starting from the parent oxides. The
reaction was carried out at 800°C in air. Firing the
starting mixture for 12h was found sufficient to
complete the reaction, and to obtain well-crystallized
and homogeneous materials, as demonstrated by XRPD
measurements and SEM-EMPA inspection of the
products.

The MAS-NMR characterization points toward the
substitutional nature of erbium on the RE site. In
particular, as expected, the quadrupolar probe (°'V) is
more sensitive than the spin-% one (*Y) in revealing the
small distortions caused by erbium—yttrium substitution
in the REOg bisdisphenoids. The isotropic chemical shift
of Y in an orthovanadate is reported for the first time
in the literature.
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