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Synopsis - A monoclinic superstructure occurring in a;@¢,0s; compound was identified
by transmission electron microscopy. The partiadation of Cé" along with interstitial

oxygen ions could explain this superstructure.

Abstract - A complex rare earth tungstate structure, pitesema two-phased powder, was
solved by electron diffraction, precession and higlolution electron microscopy. The
orthorhombic space group Pbnm and the atomic positdeduced from X-rays diffraction
experiments were confirmed for Q&/>,0s. A C2/c monoclinic superstructure, with cell
parameters a=7.8 A, b =36.1 A, ¢ =22.2 A Amd100.2°, was evidenced and attributed to

a partial oxidation of C&leading to interstitial oxygen ions.

Keywords: Precession electron diffraction, high-resolution electron microscopy,
superstructure, image processing, simulation

1. Introduction

Rare earth (RE) tungstates are mostly based osytem RED;-WO;. Studies about RE
= Ce, La, Nd, Sm, and Pr [1,2] evidenced stablepmmds with molar ratios 3/1, 1/1, 1/2
and 1/3. The latter correspond to the ,R¥0;), compounds, which crystallize in a
monoclinic structure for light RE and in an orthomtbic structure for heavy RE [3].
Abundant literature can be found about these comg®ithat display negative thermal
expansion [4]. Other compositions can be found.eddmg on the RE cation nature. For
example, a compound with molar ratio 2/1 existshviitd but not with Pr [5]. Compounds
with ratios lower than 1/3 were found for RE = [Bx, Nd and Ce. A first identification of

such low RE content tungstates was done in th©£&0; system [2], and led to a molar



ratio of 2/9, corresponding to the ©#&,,0s; phase. For RIE; based compounds the RE
cation is in a nominal 3+ valence state. SincgOgeasily oxidizes in Ce(or CeQ, it could

be theoretically possible to synthesize a ceriungstate with Ce in a 4+ valence state, or at
least, a compound with a mixture of€and Cé&'. In that sense, cerium tungstates should be
considered as part of the Ce0e0:-WO; system. Starting from G@; and WQ oxides, the
compounds are synthesized by co-fusion, or conmeatisolid state chemistry [6]. Ce@nd
WO; oxides, mixed and annealed under vacuum, thusrumdiicing atmosphere, led to
CeoW20g; [7]. Up to now, no attempt was done to obtain raesth tungstates at a
submicronic or nanometer scale, excepted the wbARuaikawa et al [8] about amorphous
cerium tungstates powders with grain sizes arodndm. On the other hand, tungsten alloys
are already available at a nanometer scale [9-10].

In a previous work, G&NO,); was successfully synthesized for the first timethg
EDTA - citrate method [11], with grain sizes aroub@ nm. In an attempt to synthesize a
new cerium tungstate phase with a molar ratio &/4wo-phased powder was obtained,
namely a mixture of GeNVO,); and a cerium tungstate phase presenting simdaritiith
RE;oW,:0s;:. Previous studies showed the last one was orthastwy with cell parameters a =
3.88 A, b =359 Aand c=219A, although authdisagreed about the space group. Pbcn
(n°60) [1], Pbcm (n°57) [6] and Pbnm (n°62) [7] weproposed for N@W,,Og oOr
CeoW2,0g1. These results were mainly obtained by Rietvelmheenent of X-rays diffraction
patterns on small monocrystals. Electron diffractie an alternative technique in case of
nano-powders and poly-phased materials, that peswiliffraction information at a very local
scale [12].

In this work, we characterized the structure of ¢eeum tungstate phase G&-;0s; by
combining energy dispersive spectroscopy (EDS)yveotional electron diffraction (ED),
precession electron diffraction (PED), high resoluttransmission electron microscopy

(HREM), images processing and X-rays diffractiofrR().
2. Experimental procedure

2.1. Sample Preparation

The cerium tungstate was synthesized using the lexing method combining
ethylenediaminetetracetic acid (EDTA) and citratesi as described in a previous work [11].
Cerium (IIl) nitrate was dissolved in deionized arafThe solution was added to a previously
prepared solution of 1 g of EDTA and 10 ml of aminam hydroxide (NHOH) (27%).
Tungsten trioxide W@powder was then added to the solution. After 1B ofi stirring at
40°C, citric acid was added with a molar ratio df With respect to the metal element; the pH

of the solution was adjusted to 10 using JH at a temperature of 80°C. After 4 hours, a



gel-like precipitate was formed. The gel was hegaited in an oven for 3 h at 230°C in order
to eliminate the excess of water, ammonium androcgparts. The precursor powder was
annealed several hours at 1100°C to crystallizelésgred phase.

The electron-microscopy specimens were preparectishing a low amount of the
powder in an agate mortar and dispersing it inrethal’he suspension was then dropped on

a holey carbon film supported by a copper grid.

2.2. TEM

PED patterns were acquired with a LaBEl CM30 TEM operated at 300 kV and
equipped with a Nanomegas Spinning Star precesisvice. The precession semi-angle was
taken between 1,5 and 2 degrees in order to signify increase the number of observed
reflections. HREM images, ED patterns and EDS asywere obtained with a LaBEI
Tecnai TEM operated at 200 kV. The supertwin objeciens has a 0.25 nm point-to-point
resolution. Crystallographic image processing (Gias applied to HREM images with the
software CRISP [13]. Theoretical HREM images andgaiierns were simulated with JEMS
[14]. The aberration coefficients of the supertééns are €= 1,2 mm and €= 2 mm. The
other imaging parameters used for simulations @erenergy spread &E=1,6 eV, a half-
convergence angle of 0,35 mrad, and a defocusdpifeEs nm. Several thicknesses (from t =
1 to 40 nm) and defocus values (frakh = -120 to 2nm in increments of 5 nm) were
calculated using the multislice method. FOLZ reftats in ED pattern simulations have been

taken into account by using a large deviation patanis.

2.3. X-rays diffraction

XRD data for structure identification were colletteon a PANalytical Empyrean
diffractometer working in @-20 rotating mode, with a Cukradiation source operating at 45
kv and 35 mA. The diffraction data were collectedlie 5-80° @ range with a continuous

scan and processed using the High Score softwakage.
3. Results

3.1. Space group identification by ED, PED and XRD

The EDS analyses over many grains of the powdsr genve two different compositions,
with atomic ratios of Ce/W ~ 2/3 and ~ 1/2 respayi. The first one corresponds to the
stoichiometry of the well known G&VO,); phase while the only phase reported in literature
with the second ratio is @¥V.;0s:. Fig.1 reports the XRD diagram of the powder. Bhas
identification showed that the diffraction peaksildobe indexed using both the Q&,.0s;
(ICSD pattern number: 96-210-4275) and the(@®®,); (ICSD pattern number: 96-200-



2722) structures, with a score matching for botasgls about 50%. By comparing the relative
intensities of the peaks, the @&,,0s; phase appears to be the major phase. The obtained
pattern, with two identified phases, is very simiia the one reported by R. S. Barker et al.
[7]. Careful comparison nevertheless reveals iitertifferences, especially at low angles
(less than 20°), for peaks attributed tod8&,0s; (see insert in Fig.1). The additional peaks,
for example those at62= 14.25° and 18.25°, are attributed to the monaclCe(WO,);
phase. From High Score software package, a semntitptive analysis led to the mass
fractions of the identified phases using the stadeor and the reference intensity ratio values
from the database. We obtained 70% of the orthobihophase and 30 % of the monoclinic
phase.

ED patterns were collected on grains of the\WeQs; phase for various directions and
the highest symmetry zone axes are presented ir2.Figpch of the patterns shows 2
orthogonal mirrors compatible with an orthorhombigstal system. The intense spots could
be indexed using the cell parameters of the orthralic structure previously found in
literature for CeW,,0s:: a = 3.88 A, b =35.9 A and ¢ = 22,2 A. The reitec conditions for
the 3 published space groups, namely Pbnm, PbciPlaah, are listed in Table 1. For these
space groups, Okl reflections occur when k eveus the [100] diffraction pattern (Fig2)
does not allow to discriminate the three possiplee groups. The reflection condition h00: h
even, exists for Pbnm and Pbcn but not for Pbcus the absence of h00: h odd in the
experimental ED pattern [001] (Fig.,® rules Pbcm out. The [010] ED pattern (Feyd)
have hOl rows of spots that satisfy h+l even amsl i characteristic of Pbnm, as Pbcn and
Pbcm would have hOl rows with | even. In the expental pattern taken along the [001]
zone axis (Fig.2f), all the hkO reflections appear although thosthwi+k odd are much
weaker than those with h+k even. These weak hkl@ctedns can be attributed to the
orthorhombic Pbnm or to the monoclinic superstriee{gee 3.3).

Apart from intense spots, rows of weak spots carolbgerved in [010], leading to a
doubling of the cell parameter a. In PED patteths, reflection intensities are integrated
along the deviation from the exact Bragg orientatimd recorded intensities are much less
dynamical than using conventional electron diffi@ec15, 16]. PED patterns were acquired
along [010] (Fig.8) and [uvO] zone axes (Fidh®). ED patterns were calculated with the
JEMS software, using the known Q#&,,0s; Structure with the space group Pbnm [7]
(Fig.3d,ef). Simulated patterns show great similarities wtitle experimental ones. Weak
reflections were also observed in experimental Rilerns that are not reproduced on
simulated patterns. Contrary to the intense spbt&y appear to be linked together by an
inversion centre only (see arrow Fig)3and are related to a superstructure as will be

discussed in the last part of the paper.



3.2. Space group and atoms coordinates determination from HREM

Space group determination can also be done udiigMHimages taken along low indices
zone axes. Table 3 shows the planar symmetry piajscof the space groups Pbnm, Pbcn
and Pbcm. For these space groups, the [100] piajesill show the same planar symmetry
p2mg(mLz), thus will not allow to discriminate between theThe [010] projection exhibits
a centred symmetry for Pbnm, but not for Pbcn eeifbr Pbcm. Along the [001] orientation,
a centred pattern will only be seen for the Pb@tspgroup.

Using the software CRISP, for each symmetry prajacthe values of averaged phase errors
(Wres residual phase) of symmetry-related reflectiarss calculated. Table 2 shows the
highest symmetry projections with the lowses obtained from HREM images taken along
[100], [010] and [001]. The results are in agreenwith the 3 possible orthorhombic space
groups (see Table 3). A centred projection caruledrout for [100], but for [010] and [001],
p2mm, p2mg, p2gg and c2mm are possible symmeffies. density maps obtained from
HREM images by imposing the projection symmetri€she published orthorhombic space
groups for CeW,,0s; are in accordance with the experimental images.

Apart from symmetry information, reduced atomic mhioates were extracted from
HREM images. Fig.4 shows experimental HREM imagd®n along [100] (Figa), [001]
(Fig.4d) and [110] (Fig.4), and processed ones after imposing the projestyommetries of
Pbnm (Fig.#,eh). Images (Fig.4f,i), simulated with JEMS using the known structure of
CeoW2,0g: [7] are in good agreement with experimental andcgseed imageAtomic
coordinates could be deduced from the HREM imakentalong [100]. The black spots were
attributed to heavy atoms. Atomic coordinates wefened using the software CRISP and
found to be similar to those obtained from X-raySraction [6] (see Table 4). The non-
equivalent atomic positions of Ce atoms, W®OGO; and WQ groups are shown in
Fig.4a,b,c. The HREM images taken along [001] and [110] cawtl be used to solve the x
atomic coordinates due to overlapping. However,dbreesponding simulated HREM maps
from the known structure [7] are in good agreemeith the experimental and processed

images.

3.3. Identification of a superstructure cell

The [010] PED pattern in Figa3shows supplementary rows of weak reflections, Ifghra
to c*, related by an inversion centre and leadimg tdoubling of the a cell parameter. Fast
Fourier Transform (FFT) performed on various regiai HREM images taken along the
[010] orientation also exhibited these weak spbig.p). FFT of images taken along the [110]
direction also reveals supplementary rows of wemtssbut in this case, the inversion centre

is not as clearly evidenced as on [010] patterns.ddmains boundaries or stacking faults



were observed in the direct images. Dynamical saedl ED patterns in orientations around
the [010] zone axis, using the known structure efo\¥,,0g; [7], do not show reflections
located between the rows 00l and hOl, ruling oatghbssibility of an overlapping of different
patterns. These extra reflections can be indexednmonoclinic superstructure C2/c with cell
parameters close to those of the orthorhombic tstreic except fora which is two times
larger: & = 7.8 A, b, = 36.1 A, ¢ = 22.2 A andd = 100.2°. The experimental diffraction
patterns are then made of the superposition oépettcoming from both the orthorhombic

structure and the monoclinic superstructure. TlystaHographic relationship between both

phases are:
a, 2 0 0)a,
b,[={0 1 0 |b,
C 1 0 -1)c

The experimental ED patterns in Fig,& correspond to the superposition of the [100]
orthorhombic zone axiand the [10Q] one in the monoclinic superstructure. The HREM
images taken along this orientation may have a sstmynprojection p2gg (see Table 2), in
good agreement with the C2/c space group. The empetal ED patterns identified as [030]
in Fig.2a,d and [001] in Fig.2c,f can be indexed respectively as [Q1QFig.6) and [102]
(Fig.7) in the monoclinic structure. The weak s@ppéntary rows pointed by red arrows in
Fig.2d can only be indexed in the monoclinic structurke overlapping of FOLZ and HOLZ
close to the center of the pattern in Fig.6 isteelao the very small reciprocal vector b* =
0,27 nm' of both structures. For the orientation [Q0X][102], (fig. 7), the monoclinic
structure alone does not account for all the réflas observed on the experimental pattern
and the orthorhombic structure still has to be mmred. This indicates that the monoclinic
superstructure is not homogeneously found in tinepsa The monoclinic phase is then not
strictly speaking a superstructure but should beenmnsidered as a polymorph of the
orthorhombic structure [17]. The simulated [1P2}hole pattern (Fig.8) exhibits a shift
between rows of reflections coming from the ZOL4ldhe FOLZ. The shifted rows of the
FOLZ are clearly observed on the experimental patsken along this direction (Fig) .

Supplementary spots were already observed in aath &ngstates. Weak superstructure
reflections occurred in ED patterns of ,,Og;, leading to a doubling of the short cell
parameter [6]. They were attributed to slight clemnin the oxygen positions. In the case of
NayNbisW1:0s0, that has a similar structure to NW,,0s;, weak extra reflections on ED
patterns, doubling the short cell 3.9 A parameteranalso mentioned [18]. These reflections
were attributed to a short-range order among theed®ns. In this study, the G&/2,0g;

powder was synthesized under air, starting fromeayrsor with C¥, that is easily oxidised



into C¢*. Partial oxidation of cerium along with intersditioxygen were already observed in
another cerium compound CeTaf9]. Thus, the monoclinic superstructure in,d&,0g;
could be due to a partial oxidation of *Cénto Ce* with interstitial oxygen ions. This
oxidation phenomenon, limited to the grain surfaegplains the contribution of both

structures to the experimental ED patterns.

4, Conclusion

The powder synthesized by the complexing methodEDITA - citrate is mainly
composed of the G&V,,0s; phase and contains also the@¢0;),phase. The high resolution
electron microscopy study combined with electrdfratition confirms the Pbnm space group
and the heavy atoms coordinates previously foumdCiW.,0s: [7]. A weak monoclinic
superstructure of space group C2/c with cell patarser = 7.8 A, b =36.1 A, ¢ =22.2 A and
B = 100.2° was evidenced in the orthorhombig\®e,0s;. A partial oxidation at the surface

of the grains could explain this superstructure.
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Figure 1 XRD diagram of the two-phased powder. The insetwshlow angles diffraction peaks of
CeoW,:0s; (dots) and CEWO,); (squares).
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Figure 2 ED patterns of high symmetry indexed in the ortbonbic structure along [010](a,d),
[100](b,e), and [001](c,f) zone axes; (a-c) : whpddtern and (d-f) : zoom on the central part ef th

pattern. The red arrows on (c) and (d) point tog@fvweak superstructure reflections.
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Figure 3 Experimental PED patterns along [010] (a), [110] [#10] (c) and the respective
simulated patterns (d,e,f) using the knowno@&.Og; structure [7]. The green and blue arrows on

experimental patterns indicate weak reflectionateel by an inversion centre.
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Figure 4 HREM images of CgW:.,0Og along [100](a-c), [001](d-f) and [110](g-i) zoneses.
Experimental (a,d,g), processed (b,e,h) and simdlehages aAf=-60 nm, t=1 nm (c), t=9 nm (f), and
t=6 nm (i). The columns of Ce atoms (green), Mi@llow), WQ; (violet) and WQ (blue) groups are
superimposed to the HREM image in the [100] pragect

Figure 5 Experimental HREM images of G&/,,0s;along the [010] (a) and [110] (c) zone axes,
with the corresponding FFT (b,d). The red arrows=Bit patterns indicate the rows of weak

superstructure reflections.
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Figure 6 Experimental (a) and simulated (b) ED pattern al@i®]. indexed in the monoclinic

superstructure. The simulated pattern shows ZQé&d gpots) and FOLZ reflections (green spots).
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Figure 7 Simulated (a) and experimental (b) ED patternsgtbe [102} zone axis of the

monoclinic superstructure. (c) is a zoom of the&dtern shown in (b).



[102]

Figure 8 Simulated ED pattern along the [1@2one axis of the monoclinic superstructure showing
reflections of the ZOLZ (red spots) and FOLZ (greents). The FOLZ reflections are observed in the
experimental ED pattern along the [04dne axis (Fig.2c).



Table1 Reflection conditions of the 3 space groups PbrimenRand Pbcm.

Pbnm Pbcn Pbcm
h00 :h=2n hOO:h=2n
OkO:k=2n OkO:k=2n OkO:k=2n
00l:1=2n 00l:1=2n 00l:1=2n
hkO:h+k=2n
hOl:h+1=2n hOl: 1=2n hol:1=2n
Okl : k =2n Okl : k=2n Okl : k=2n

Table 2  Wres values obtained for each symmetry projectiahaientation.

[100] [001] [010]
Symm. Yres. Symm. Yres. Symm. Yres.
- - p2mm 115 p2mm 22.7
p2mg(mLz) 18.9 p2mg(ri-y) 11.4 p2mg(rd-z) 21.8
p29g 19 p2g9g 11.4 p2g9g 224
c2mm 19.4 c2mm 111 c2mm 22.9

Table 3  Planar symmetries for three orthorhombic spacepg@nd main orientations.

[100] [001] [010]
Pbnm p2mg(mtz) p299 c2mm
Pbcn p2mg(mtz) c2mm p2mg(-z)
Pbcm p2mg(mtz) p2mg(mty) p2mm

Table 4 Atomic coordinates in the [100] projection refinddm the processed HREM image,

compared to atomic coordinates obtained by X-raffiadtion [6].

HREM X-rays [6]

at. y z y z

Cel 0.52 0.385 0.518574 0.383
Ce2 0.171 0.25 0.174596 0.25
Ces 0.329 0.478 0.329476 0.478941
w1 0.348 0.333 0.352772 0.335884
w2 0.557 0.25 0.557183 0.25
W3 0.279 0.25 0.276904 0.25
w4 0.257 0.395 0.252483 0.395114
W5 0.363 0.616 0.365272 0.616924
W6 0.447 0.474 0.446074 0.473846

W7 0.438 0.25 0.442194 0.25
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