Lawrence Berkeley National Laboratory
Recent Work

Title
CRYSTAL STRUCTURE OF EUROPIUM T UNGSTATE

Permalink
https://escholarship.org/uc/item/8k07418n

Authors

Templeton, David H.
Zalkin, Allan.

Publication Date
1962-06-05

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8k07418n
https://escholarship.org
http://www.cdlib.org/

University of California

Ernest O. Lawrence
Radiation Laboratory

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
. J

Berkeley, California

UCRL-10344



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-1034L

UNIVERSITY OF CALIFORNIA
Lawrence Radiation Laboratory

Berkeley, California

CRYSTAL STRUCTURE OF EUROPIUM TUNGSTATE

David H. Templeton and Allan Zalkin

June -5, 1962



-iii- , © UCRL-103k4k

: *
CRYSTAL STRUCTURE OF EUROPIUM TUNGSTATE

David H. Templeton and Allan Zalkin
Advanced Systems Development Division Laboratory,
International Business Machines Corp.,. San Jose,. California, U.S5.A., and

Department of Chemistry and Lawrence Radiation Laboratory
‘University of California, Berkeley, California, U.S5.A.

~The structure of europium tungstate, EuE(WOM)B’ has
been determined by single-crystal x-ray diffraction
data. The crystals are monoclinic, sface‘group Cz/c,
with a = 7.676 + 0.003, b = il.u65 + 0.003, ¢ = 11.396
£ 0.005 A, B = 109.63 + 0.0k° 7 = L, a . 7.%57 g em™o.
The atomic arrangement may be described as a scheelite
superlattice with ordered vacancies-in the cation
positions,. but atoms are displaced by considerable

~distances from.the scheelite locations. -Each W atom
.haé-four oxygen neighbors at average distances of

- 1.74 or-1.78 A. . Some W atoms have a fifth neighbor

at 2.19 A. -Each Eu atom has eight oxygen neighbors

at an average distance of 2.43 A.

This work was done in part under the auspices of the U. S. Atomic Energy

. Commission.
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Introduction

The rare earth elements form a series of isomorphous tung-
states Withzthe generic'formula.RQ(WOu)B, where R stands for a rare
earfh element, and some of these compounds have interesting fluores-
‘cence properties (MacDonald,_Vogel and Brookman, 1962). We have
investigated single crystals of the europium compound by x-ray
diffraction and have determined the structure. The atomic arrangement
is closely related to that of CaWo) (scheelite), and it may be |
described as a scheelite superlattice with orderéduvacanciesninithe
cation positions., Considerable distortions of the structure occur
around these vacancies. These reéults may give an indication of
the structure at defects in scheelite solid solutions.

Single crystals of‘the isomorphous compound Cez(WOh)5 were
studied by Nelson and-McKee (1946) who determined the unit cell

and probable space group in agreement with our results.
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~Experimentalv

- The synthesis of europium'tungstaté:from europium oxide and tungstic
acid and the growth of single crystals af»femperatUres:nearsthe,melting
point'(llBO'i'l5QC) has;been*described by MacDonald,Vogel ‘and Brookman.
(1962). We had available si‘-’ngle‘ crystals up to several mm.in size..”
Photographs of several crystals by Weissenberg and precession techniques
. established‘the“symmetry.andISuggested.the main :fedtures :of the structure.
The final results reported here are:baSed on.data from=a,crystal'withg
dimensions approximatelylo.llfx-OnO7 X 0.06 mm* which was measured: with
the General Electric XRD-5'x-ray'gonidstat andfMoKa"radiation..:Unit'cell
dimensions are based on A .= 0.70929 A for'MoKai. 'Inténsities were-measﬁred
with a séiﬂtillatidn counter. equipped with.a pulse height discrimin@tor
for theu8é9 independent reflections permitted by the spacé-group in the
sphere with sinf/N-less than 0.596 (28 < 500);.of,these, 56'were assigned
zero intensity. -The data were corrected for absorption assuming that the
crystal was a sphere with pr = .23, according’to:the table given. by
Bond (1959). No correction.was made for extinction. The limiting factors
in the accuracy of the intensify data are extinction and the error in the
absorption correction.

Calculations were made with the IBM-7Q9 and IBM-7090 computers:

The least-squares refinement was accomplished with a program written by
P. K. Gantzel, R. A. Sparks and K. N. Trueblood, with minor changes. Atomic
scattering factors fqr Eu+3 and neutral W (Thomas and Unmeda, 1957) were
modified for dispersion by adding -0.4 for Eu and -1.1 for W (Templeton,
. 1962). The imaginary dispersion term was neglected. Scattering factors
for oxygen were estimated. for O_l/ebby interpolation in the tables of

Ibers (1962).
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Unit Cell and Space Group

The dimensions of the monoclinic-ﬁnit cell of Eug(WOu)5 are:

a = 7.676 t 0.003 A
b = 11.463 + 0.003
¢ = 11.%96 ¢ 0.605
B = 109.63 + 0.04°

‘The corresponding dimensions reﬁorted.for Cea(WOu)3 are a .= 7.68, b =11.72,
¢ =11.51 A, B.= 109.8° (Nelson and McKee, 1946, changed from kX and with a
.and ¢ interchanged). These cells are.very similar excépt for a five percent
difference in volume in-line with‘thé lanthanide éontraction. With four

formula units (Eue(wou) ) per unit celi, the density is calculated to be 7.37 g o 3.
3

‘Ehgwdepsity,measured by MacDonald, Vogel and Brookménr(l962) is 7.hh g em™3.

- Reflections are systematically absent if h+k is odd, showing that
-the lattice is C-centered.'-Reflections hOﬁ are absent.if'l is odd (or if
h is odd),'suggestingICc and C2/c as probable space groups. Morphological
evideﬁce and failure to detect a pyroelectric effect are cited by Nelson
and McKee (1946) as indicating centric symmetry for the cerium crystals.
The success of our structure determination.with fhe assumption of a center
-of symmetry confirms C2/c (62h6) as the space group. Powder.diffraction
daﬁa show that EuZ(WOh)B’ CeE(WOu)B, and several other rare earth tungstates
are isomorphous (MacDonald, Vogel and Brookman, 1962).

The lattice is pseudo-orthorhombic. A face-centered cell with double

the volume of the one given above and which is called the "second setting"

(Fig. 1) has dimensions:
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&, = 7.676 A
b2 = 11.&65
c, = 21.468
B, = 90.06°

For this setting the space group symbol is F2/d. ‘It is possible thét the
deviation of B from.9oo is less than.the experimehtal error, and this cell
is convenient fdr-the indexiné_of ppwder‘patterns. ‘While the spot positions
on. the single crystal photégraphs fit an orthorhoﬁﬁiq_latticé,vthe ﬁonocliﬁic
symmetry. is clegrly‘evident in the iﬁteﬁsities. Tﬁinning might‘ge expected
in this_lattiée-with fhe resﬁlt.that the intensities.would mimic orthorhqmbic
symmetry, but no evidence of twinning was oﬁser&ed in.any,of‘the photogfaphé.
'Beéaﬁse fhe lattiée ié-so»nearly orthOgoﬂél, thefe'é%ists a C-gégtéféd
third setting (Fj.g° 1) which. is easy to confgse with the first setting éiﬁén
above. It hés~the‘éameFaband_5 a%es,v§¢£ c5’=:lloh05vA an§“55'= 109f730'
This ¢ axis is [iQi] in the first settinga. If‘B = 900 fqr the féce-ceﬁtered
set?ing, the two C-centered,settingé have identi;al dimensioné. Ail subsequent

discussion in . this paper is in terms of the first setting.
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.Determination of the Structure

The structure was found by starting with the assumption, suggested .
by Dr. R. A. Pasternak, that it is related to- that Qf,CaWOh:(scheglite).
Scheelite is body-centered tetragonal (space group Ikl/a) with a = 5.22 and.
¢ =11.45 A (Sillen,and'Nyiander,_19&5). It was observed that a lattice
-similar to that of europium tungstate can be fitted to that of scheelite
with its b axis corresponding;to the'c axis of scheelite and. its é and c
axes'related to scheelite as shown.in Fig. l. Furthermore, the symmetry
. C2/c is a subgroup of Ikl/a when thelattices are related in this way and
the origins are chosen.in each case at the center of symmetry. The fact
that europium. tungstate is not orthorhombic in spite of its orthogonal
lattice is understood when it is pointed out that there.is no orthérhombic '
subgroup of‘Ikl/a.

The trial structure-was obtained by transforming the coordinates‘of
the atoms in scheelite to the monoclinic coordinate system. This process
gives: |

-(0,0,0; 1/2,1/2,0) +

L W, in (e): (0, y, 1/4) with y = 1/8.
8 W, in (£): =*(x,y,z; x, -y, z+1/2) with x = 1/6, y = 3/8, z = 1/12.
Calcium atoms are in the same positions with each y coordinate increased-
: by;1/2. If two-thirds of the calcium positions are occupied by europium
atoms, they.ﬁust be in the 8(f) positions. .We chose the coordinates:
8 Bu in (f) with x = 1/3, y = 3/8, z = 5/12.

‘The oxygen atoms in g;heelite surround. each tungsten atom at the
corners of a tetrahedron. .There-are four distinct ways that these tetrahedra
can be oriented:. in.the monociinic lattice which are equivalent to the scheelite

structure. The one which most nearly resembles our final structure is shown
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in Fig. 2. In any case, U8 oxygen atoms are located in the general sets 8(f)
taken 6 times. = S R T

We attémﬁted'to refine this trial structure:with least.squares, first
using only W and Eu atoms and about half of the déta.a'The unreliability- factor
R = ZHFOl—lFCﬂ/ZIFél was decreased‘qpiékly,to 0.29. Introduction of oxygen .
atoms at the coordirates derived from scheelite -for two. of the distinct.
structures, afﬁer further refinement, achieved the same agreement with.unreal?
listicélly large temperature factors.'”Introduction of oxygen atoms. in certain
other positions derived from a difference function gave’no-better~results.

The initial shifts calculated by leastsquares from a structure like
this with special coordinates often are unreliable because many terms with
small or zero calculated structure factors maj be assigned incorrect signs. -
Therefore we went back to only Eu and W atoms and arbitrarily reversed the
initial shifts of some of the coordinates from the ideal structure.: Experi-
mentation with the x and z coordinates céonverged to another structure. with
‘R'= 0.45.

An examination of. the early calculations revealed that agreement was
better in.the layers with k even, and that for the hOf reflections R was 0.17.
The-agreément was éspecially bad for some reflections with large odd values
of k.'.Simple calculations made obvious that the:initial shifts.in y,weré’
defeétive, and thatfthe'agfeemént would be-iﬁproved’by_reversiﬁg these shifts.

The néxt refinement with half the data (low ahgles)_reduéed R from .
0.28 to 0.18 in one cycle. Further cycles gave R = 0.17. A paralle] refine-
ment with the high-angle data gave R = 0.15 and nearly the same coordinates.
'In both cases théfyvcoordinaté~of Wl reversed its shift and went back to the

direction achieved in the early calculations.
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7/

An electron densit& diffefencé funétion (Eu qu.w atoms subtracted out)
revealed a clear peak for each oxygen atom and peéks cqr;gsponding_to.anisotropic
motion of each heavy atom. All cher‘peaks were much sméller-than an oxygen
.atom. This function was. in striking contrast to:the'earlieridifference function
-based on the incorrect heavy atom positions, which was a confusion of pqorly
. shaped peaks. ”

Introduction of oxygen. atoms with isotropic: temperature factprs:for
all atoms reduced R to 0.13% for 839 reflections. . With anisotrbpic temperature
factors for:W and Eu atoms, R fell to 0.076 for 807 reflections with (sihe/k)
greater than 0.2. The resulting parameters are.;jsted in Tables 1 and 2, and
the observed and calcilated structure factors arédgiven,in Tablg-}.‘

A further refinement with anisotropic temperature facpprs for all
atoms gave negligible improvement and is notlreported here.

The thermal parameters (Table 2) do not correspond to physically
btrealiStic'thermal motion because of the negative values of 622? These results
show that the intensities for low k-are weaker than they. should be relative
to those for highef'k, probably because of insufficient correction for absorp-
-tion. It is possible that extinction effects also contribute to this error.
The similarity of the thermal parameters for'the‘threevheavy atoms suggests
that the anisotropic.refinement,is,mainly correcting fprithese effects in an
. empirical way rather-than_describingAanisoﬁropic thermal motion. Our objective
in this wbrk was to de@ermine the atomic coordinates, which are not expected
.to be sensitive: to thegeverrors..:AApfoper description of the thermal motion

requires additional experimental work.
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Discussion of the Structure -
Europium tungstate is'described'as the.scheelitefstructure,ﬁith ordered
vacancies, but the actual structure (Fig. 3) shows substantial distortions from
the ideal structure derived from scheelite (Fig. 2). -Atoms Eu and Wl'arevwiﬁhin

about 0.1 A of the ideal positions, -but W_ is displaced about 0.5 A. The largest

2

distortions are in the oxygen positions: Four oxygen atoms surround. each Wl.
at thé corners of a ‘tetrahedron whose edges range-iﬁflength:from¢2.75 to 3.11 A.

-Each W2 atom has four oxygehvneighbors at .the corners of a tetrahedron which .

is even more distorted. The distances of these four neighbors (Tableﬁh)‘average

'1.7% A for-W. and 1.78 A for W A fifth oxygen neighbor is 2;19—A7from_W2.

o

If the coordination is considered to be five-fold,,the-coordination_polyhedron,

1

.is an irregular trigonal bipyramid, and pairs of these polyhedra share edges
across centers of symmetry (Fig. 4). Bond angles at W, and W, are listed in
Table 5.

These distortions of oxygen positiohs have no drastic effeet on the
environment of ﬁﬁé‘Eu atém. It has eight oxygen neighbors at an average dis-
tance of 2.43 A, and the individual distances (Table 4) differ by little more
than the experimental error.

The oxygén coofdinatésfih écheelite“are not known with high accuracy.
The coordinates proposed by Sillen and Nylander (1943) correspond to W-0
diéﬁances of 1.75‘A and Ca=0 distances of 2.41 and 2.52 A, in close agreement
with our results.

These results ':f‘or''Eu‘é(wou')5 show that the WO, groups are not rigid
-tetrahedra and suggest that it is more accurate to regard this substance as

~a double oxide than as a salt offtungstic acid.
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Table 1. Atomic coordinates, standard-déviations, and isotropic thermal

parameters.’

Atom | X Yy z N 6(2)" 0(&5': - 6(2) g iﬁa
‘Eu .0_3358  | o§5768: “'0.%066 0.0002 "~ 0.0001 A‘;o;ééoé'i 0.3°
w oo 0 0.1318  “1/h - 0.0002 o o
W, ©0.1452 0.3955  0.0507 0.0002 ‘0.0bbl " 0.0001  0.1°
0, 0.161 0.0k5 o.gzi‘ 0.00k  0.005 0.005 1.0
oé. ~0.1% 10.208 6;383 '“o,oou’ 0.002  0.003 '0;7
o, ao.éeé ) 5;530"";o.19§ Q.005"  Q.002'  ; 9.002. 0.k
0), ~0.359 .0.550 0.038 0.003 0.002 " 0.002 0.3
o, 005 Oksy 0ke3 0.00h .02 0:003 0.8
Og 0.448 0.2k 0.058 -0.00k  0.003 0.003 1.2

#Mhe isotropic temperature factor is exp-(Bx-gsinQG).

bIsotropic parameter corresponding to the average anisotropic parameter (Table

2).
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Table 2. Anisotropic thermal parameters.ab

B B,

Atom P11 Poo Pz Pra . P13 Pos
‘Eu 220 -117 213 -2 -10 0
L 143 - 89 148 0 -56- 0
W, 55 -117 201 13 =18 17 ..
?Each-x 105.
b . : o2 2
These parameters in the temperature factor exp-(Bllh + &gek +
55522 + 28, bk + 2alshz +.2§25k£) are those obtainéd'by,ieast‘

squares. The cause .of the negative values -of 622 is discussed in
the text. Obviously these values do not represént-the actual

thermal motion.
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Table 3. Observed structure factors (0BS) and calculated structure factors

(CAL) for Eue(wou)5'

H K L 0BS CaL H K L 0BS CAL H K L 0BS CAL H K L 0BS CaAt H K L 08BS CAL H K L OBS CAL H K L 0BS CAL
0 0 2 29 381 T 1-9 283 287 1 3 -1 41 29 4 4 -1 0 6 4 32 -12 5.1 -4 83 -85 5 9 -7 29 32
0 0 4 129 112 7 1-8 87 88 1 3 0 248 -204 4 4 0 0 6 5 181 -~174 5 °71-3 26 -10 5 9 -6 213 208
0 0 & 565 =717 7T 1-7 0 22 1 3 1 393 -333 4 4 1 0 6 6 69 &9 5 7 -2 334 -304 5 9 -5 292 284
0 0 8 148 -158 7 1-6 172 -173 1 3 2 353 310 4 & 2 0 6 7 114 -110 5 7 -1 164 -150 5 9 -4 192 183
0 010 192 -207 -7 1 -5 153 156 1 3 3 205 -175 “ 4 3 0 6 8,219 207 5. T 0 272 256 5 9 =3 249 -248
o 012 82 53 T 1 -4 59 67 1 3 4 15 65 & 4 & 0 &6 9 299 219 5°°7T 1 189 -1713 5 9 -2 62 62
2 0-12 85 87 7 1-3 65 =64 1 3 S5 586 =575 4 4 5 0 6 10 150 145 5 1 2 82 70 5 9 -1 68 -8l
2 0-10 261 -30¢4 7 1 -2 122 -120 1 3 & 40 38 4 4 6 0 611 110 -104 5 7 3 435 -421 5 9 0 239 229
2 0 =8 142 148 7 1 -1 223 223 i 3 7 9 -83 4 & 7 2 6~12 115 103 S 71 4 219 221 S 9 1 287 -292
2 0-6 171 210 710 27 -5 1L 3 8 407 -397 4 4 8 2 6-11 155 149 5.7 5 160 -15¢ 5 9 2 o =22
2 0 -4 604 835 7T 1 1 28 =31 1 3 9 84 7 6 4-11 2 "6-10 79 ~69 7 1-8 0 -3 5.9 3 185 184
2 0 -2 218 210 T 1 2 367 -392 1 310 100 -93 6 4-10 2 &6 -9 60 53 7T°7-7 188 -203 5 9 & 143 -147
2 0 114 =93 .7 1 3 0 =~-l& 1 3 11 466 473 &6 4 -9 2 6 -8 86 -76 T T -6 243 -233 010 0 301 328
2 0 2 783 -847 T 1 & 83 -96 3 3-13 413 403 6 4 -8 2 6 -7 590 584 7 1 -5 222 ~224 01071 26 30
2 0 4 239 -223 9 1 -6 155 -176 3 3-12 50 46 & 4 -7 Z & -6 263 -286 T 7--4 165 161 0-10 2 376 395
2 0 & 298 -299 g 1-5 59 50 3 3-11 120 115 6 4 -6 2 6 -5 62 =52 T 7-3 58 -6l 0 10 3 586 617
2 0 8 286 299 9 1 -4 ] -8 3 3-10 363 366 6 4 -5 2 6 -4 224 -201 T 7 -2 29 7 010 4 21 =25
2 010 109 -109 9 1 -3 7% =99 3 3 -9 57 -4l 6 4 -4 2 6 -3 198 -188 T 7 -1 225 -220 010 5 48 49
4 0-12 188 210 ¢ 2 0 119 123 3 3 -8 24 11 6 4 -3 2 6 -2 164 -150 T 7T O 185 188 0 10 & 89 -66
4 0-10 102 112 0 2 1 154 154 3 3 -7 429 -455 6 4 -2 2 6 -1 985 -941 T 1T 1 42 3% 010 7 29 29
4 0 -8 516 545 0 2 2 121 13) 3 3 -6 50 10 6 4 -1 2 6 0 142 115 0 B8 0O 680 730 0 10 8 275 -296
4 0 -6 39 -42 Q 2 3 787 1066 3 3 -5 166 -165 6 4 0 2 6 1 296 -250 0 8 1 166 =173 "2 10 -9 59 56
4 0 -4 206 -192 0 2 & 63 64 3 3 -4 335 =341 6 4 1 2 6 2 231 194 0 8 2 169 153 2 10 -8 154 160
4 0 -2 941-1093 0 2 5 211 287 3 3 -3 180 -159 6 4 2 2 6 3 130 -112 0 8 3 147 -166 2 10 -7 432 ~426
4 0 0 428 -389. 0 2 & 48 =38 3 3 -2 224 201 & 4 3 2 6 & 341 304 0 B 4 25 17 2 10 -6 405 419
4 0 2 162 -143 0 2 1 251 257 3 31 “7 42 6 4 4 2 6 S 550 513 0 8 5 351 -354 2 10 -5 21 =32
4 0 4 S73 -559 0 2 B8 81 -83 3730176 =140 6 4 5. 2 6 6 116 107 0 8 6 512 -498 2 10 =4 284 297
4 0 6 154 163 02 9 310 -306 3 3 1 367 -317 8 4 -8 2 6 7 81 58 0 87 ‘132--129 2 10.-3 84 T4
4 0 B 168 185 0”210 66 -63 3 3 2 133 110 8 4 -7 2 6 8 108 95 o 8 8 [} 8 210 -2 228 233
6 0-12 251 235 0 211 84 87 3 3 3 50 217 8 4 -6 2 6 9 163 158 0 8 9 111 =101 2 10 -1 671 644
6 0-10 88 -80 . 0 212 50. =41 3 3 4 502 =467 8 4 -5 2 610 98 -~95 0, 8 10 106 -102 2°10 0 205 -192
6 0 -8 124 -114 2: 2-13 72 65 --3 -3 5 134 120 8 4. -4 o & -6-12 ..130 -122 2- 8710 275 -250 2 10- 1 153 135
6 0 -6 637 -706 2 2-12 57 =30 3 3 6 25 =21 8 4 -3 "4 6-11 234 196 2 8 -9 268 259 2 10 -2 253 -240
6 0 -4 207 -217 2 2-11 159 -161 3 3 1 484 508 8 4 -2 4 6-10 2-8-8 87 83 210 3 0 21
6 0 =2 25 -19 2 2-10 | 64 64 3 3 8 62 <-32 8 4 -1 4 6 -9 2 8 -7 128 106 2 10 4 423 -434
6 0 0 689 714 2 2 -9 9% =9} 3 3 9 179.186 8 4 0 4 6 -8 .. 2 8 =6 116 105 2 10 5 472 -468
6 0 2 249 259 2 2 -8 24 -7 3.3 10 316 327 1 5-12 4 6 -7 2 8 -5 25 2° 210 6 176 -181
& 0 4 276 298 2 2 -7 482 -565 5 3-12 0 15 1 5-11 4 & -6 2 8 -4 156 748 210 7 30 32
6 0 6 205 -221 2 2 -6 82 89 5 3-11 428 -4l4 1 5-10 4 6 -5 2 8 -3 377 -356 4 10 -8 12 58
8 0-10 347 -349 2.2 -5 28 la 5 . 3-10 27, 10 1 5 -9 4 6 -4 2 8 -2 111 106 4 10 -7 29 18
8 0 -8 o -28 27'2 -4 41 26 5 3 -9 194 =178 1 5 -8 4 6 =3 :2 B -1 433 =372 410 -6 40 39
8 0 -6 80 71 2 2 -3 216 214 5 3 -8 341 =317 1 5 -7 4 6 -2 2 8 0 0 -23 4 10 -5 567 546
8 0 -4 578 620 2 2 =2 87 T8 5 3 -7 196 -189 1 5 -6 4 6 -1 2 8 1 471 -407 4 10 -4 295 -297
8 0 -2 258 257 2 2 -1 995 1188 S 3 -6 49 47 1 5-5 4 6 0 2 8 2 814 -T4b 4 10 -3 92 87
8 0 0 163 192 2 2 0 72 =50 § 3 -5 217 211 1 5 -4 4 6 1 2 8 3 0 -8° 4 10 -2 302 -304
8 0 2 331 -355 2 2 1 368 317 5 3 -4 113 -104 1 5 -3 4 6 2 2 8 & 186 ~166 4 10 -1 28 13
1 1-13 51 53 2 2 2 132 -113 5 3 -3 33 -15 1 5 -2 4 6 3 2 8 5 92 84 4 10 0 386 -381
1 1-12 351 352 . 2 2 3 129 119 5 3 -2 162 144 1 5 -1 4 6 4 2 8 6 113 -103 4 10 1 557 =550
1 1-11 116 119 2 2 4 125 -117 5 3 -1 298 278 1L 5 0 4 6 5 2 8 T 285 280 4 10 2 49 =52
1 1-10 64 56 2 2 5 6271 -632 5 3 0 270 -249 1 5 1 4 6 6 2 8 B 280 265 4 10 3 87 -8
1 1 -9 413 473 2 2 6 41 -23 5 3 1 18z 177 1 5 2 4 6 7 4 8-10 0 -24 4 10 4 78 62
1 1-8 41 -54 2 2 1 127 =121 53 2 25 -6 1 5 3 4 6 8 4 B -9 64 -60 6 10 -5 ] ~4
1 1 -7 59 65 2 2 8 0 -1 5 3 3 483 459 1 5 4 6 6-10 4 B -8 473 427 6 10 ~4 246 =251
1 1 -6 389 -488 2 2 9 210 =210 5 3 4 53 =63 1 5 5 6 6 -9 4 8 -7 322 -304 6 10 ~3 486 =500
1 1-5 38 -28 2 210 57 35 5 3 5 99 109 1 5 6 6 6 -8 4 8 -6 47 34 6 10 -2 129 132
1 1 -4 85 -93 2 211 102 91 5 3 6 361 359 1 5 7 6 6 -7 4 8 -5 226 -215 6 10 -1 140 -140
1 1 -3 290 -381 4 2-13 72 68 5 3 7 50 -42 1 5 8 6 6 -6 4 8 -4 101 -82 11l -7 205 216
1 1 -2 259 -313 4 2-12 57 61 T 3~11 30 -18 1 5 9 6 6 =5 4 8 -3 212 -197 111 -6 165 173
1 1 -1 186 166 4 2-11 284 -282 7 3-10 41 —46 1 s 10 6 6 -4 4 B -2 716 -674 111 -5 28 26
I 1 0 115 93 4 2-10 84 80 7 3 -9 298 272 1 511 6 &6 -3 4 8 -1 116 109 1 11 -4 341 =373
I 1 1 283 =243 4 2 -9 160 160 T 3-8 &9 -70 3 s5-12 6 6 =2 4 8 0 202 -176 111 -3 189 -205
1 1 2 4l9 -390 4 2 -8 89 92 7 3 -7 117 120 3 5-11 6 6 -1 4 8 1 191 179 111 -2 189 -204
11 3 17 12 4 2 -7 201 204 7 3 -6 206 205 3 5-10 & 6 0 152 -145 4« 8 2 85 -86 111 -1 27 -17
1 1 4 161 146 4 2 -6 iz 7T 3 -5 160 167 3 5 -9 6 6 1 124 125 4 8 3 328 330 111 0 416 -398
1 1 5 508 -523 4 2 -5 763 863 7 3 -4 101 -93 3 5 -8 6 6 2 261 -261 4 B & 498 472 111 1 149 -140
1 1 & 145 146 4 2 -4 135 -13é6 7 3 -3 47 -29 3 5-7 & 6 3 415 ~400 4 8 5 181 174 111 2 316 31é
1 1 7 ] 8 4 2 -3 239 240 7 3 -2 90 81 3 5 -6 6 6 & 110 -118 4 8 6 29 12 111 3 205 -210
1 1 8 535 574 4 2 -2 106 -82 7T 3 -1 254 250 3 5 -5 8 6 -6 143 -154 6 8 -9 84 -77 111 & 63 81
11 9 26 24 4 2 -1 73 -58 7T 3 0 13 -81 3 5 -4 8 &6 -5 118 122 & 8 -8 66 -58 111 5 398 -415
1 110 140 153 4 2 0 156 -137 T 3 1 28 -13 3 5 -3 8 6 -4 145 -149 6 8 -7 29 -26 111 6 313 339
1 1 11 345 364 4 2 1 825 -813 7 3 2 315 328 3 5 -2 8 6 -3 66 63 & B8 -6 564 -535 3 11 -7 350 ~-351
1 112 4“2 46 4 2 2 0 -6 T 3 3 41 =51 3 5 -1 8 6 -2 228 -232 6 8 -5 255 251 311 -6 120 -121
3 1-13 .314 324 4 2 3 312 -287 7T 3 4 66 70 3 5 0 1 7-11 198 ~189 6 8 -4 144 -138 3 11 -5 216 =213
3 1-12 98 -95 “ 2 4 49 -35 0 4 0 818-1033 3 5 1 1 7-10 125 -119 & 8 -3 229 222 3 11 -4 321 -316
3 1-11 61" 47 4 2 5 246 -266 0 4 1 105 109 3 5 2 1 7 -9 538 -544 6 8 -2 49 =42 3 11 -3 169 -176
3 1-10 419 -467 4 2 6 46 49 0 4 2 285 -236 3 5 3 1 7-8 38 -32 & 8 -1 338 2329 3 11 -2 320 332
3 1-9 43 32 4 2 T 254 249 0 4 3 333 322 3 5 4 1 7 -7 238 -237 6 B 0 575 544 311 -1 40 -7
3 1 -8 135 -162 4 2 8 40 46 o 4 4 88 -78 3 5 5 1 T -6 341 -336 6 8 1 50 46 3 11 0 244 240
3 1 -T 364 -408 4 2 9 93 ~102 0 4 S5 275 273 3 5 & 1 7 -5 157 -150 6 8 2 171 160 311 1 196 -205
3 1 -6 80 -T6 6 2-12 42 41 0O 4 & 556 573 3 5 7 1 7 -4 259 262 6 8 3 0 =-18 311 2 395 4)2
3 1-5 35 =27 6 2-11 57 58 0 & 7 16 80 3 5 8 1 T -3 276 280 1 9-10 158 151 31 03 0 9
3 1 -6 271 2m2 & 2-10 28 -23 0 4 8 94 T4 3 5 9 1 7 -2 84 89 1 9 -9 181 175 3 11 4 135 -137
3 L -3 269 -259 6 2 -9 435 421 0 4 9 65 71 5 5-12 P 7-1 54 38 1 9 -8 63 -62 5 11 -5 166 159
3 1 -2 76 -67 6 2 -8 60 =50 0 4 10 187 175 5 5-11 1 T 0 364 316 1 9 -T 254 -256 5 11 -4 122 143
3 1-1 T4 80 6 2 -7 [ s 0 411 81y -79 5 5-10 1 7 1 241 195 1 9 -6 413 =415 5 11 =3 ] 18
3 1 0 146 115 65 2 =6 72 -35 0 4 12 111 -101 5 5 -9 1 7 2 376 -330 1 9-5 45 -55 5 11 -2 335 364
3 1 1 2330 -290 6 2 -5 94 -81 2 4-12 87 -83 5 5 -8 1 7 3 265 235 1 9 -4 234 -246 5 11 -1 98 99
3 1 2 67 42 6 2 -4 25 =10 2 4-11 68 -61 5 5 7 1 7 4 34 47 1 9 -3 317 -320 S5 11 0 224 -221
3 1 3 30 16 * 6 2 -3 748 -803 2 4-10 297 276 5 5 -6 1 T S 4B0 440 1 9 -2 230 =216 © 12 0 546 -605
3 1 4 488 476 6 2 -2 25 =5 2 4 -9 121 -120 5 5 -5 1 7 6 205 -191 1 9 -1 370 342 012 1 222 256
3 15 48 32 6 2 -1 287 -281 2 4 -8 179 -180 5 5 -4 I 7 7T 163 148 1 9 0 70 =55 012 2 80 -47
3 1 6 100 100 6 2 0 89 76 2 4 -7 24 -19 5 5 -3 1 7 8 263 248 1 9 1 135 127 ©0 12 3 237 265
3 1 T 414 458 6 2 1 193 -191 2 4 -6 216 =215 5 5 -2 1L 7 9 111 -9 1 9 2 281 -253 0 12 4 50 33
3 1 8 27 6 6 2 2 103 103 2 4 <=5 37 =37 5 5 -1 1 710 29 -21 1 9 3 348 332 012 5 387 453
3 1 9 136 142 6 2 3 468 472 2 4 -4 853 -959 5 5 0 3 7-11 152 -140 1 9 4 37 24 012 6 405 431
3 1 10 360 -382 6 2 4 40 50 2 4 -3 205 201 5 5 1 3 7-10 259 =235 1 9 5 277 -258 2 12 -6 51 46
5 1-13 51 -39 6 2 5 118 132 2 4 -2 203 -190 5 5 2 3 1-9 68 59 1 9 6 210 200 2 12 -5 0 =22
5 1-12 76 77 6 2 6 [} 21 2 4 -1 37 9 5 5 3 3 7 -8 152 146 1 9 7 0 -20 2 12 -4 415 -446
5 1-11 359 -356 8 2 -9 110 -110 2 4 0 133 105 5 5 4 3 T -7 435 410 1 9 8 498 498 2 12 -3 342 1382
5 1-10 27 =26 8 2 -8 41 43 2 4« 1 213 183 5 5 5 3 7 -6 25 -7 1 9 9 171 =178 2 12 -2 50 -38
5 1 -9 98 -9% 8 2 -7 521 -553 2 4 2 917 91l 5 5 6 3 7 -5 252 231 3 9-10 480 -453 2 12 -1 335 371
5 1 -8 380 393 8 2 -6 81 12 2 4 3 43 30 5 5 7 126 -133 3 7 -4 338 305 3 9 -9 29 =27 212 O 29 -6
5 1 -7 65 -65 8 2 -5 200 -217 2 4 & 329 288 7 5-10 197 -182 3 7 -3 293 265 3 9 -8B 229 -222 212 1 404 434
5 1 -6 96 97 8 2 -4 69 55 2 & 5 24 -7 7 5 -9 283 -263 3 7 =2 267 =247 3 9 -7 271 =249 2 12 2 442 463
5 1 =5 270 2712 8 2 -3 28 =39 2 4 & 228 205 7 S -8 170 -156 3 171 41 32 3 9 -6 86 =90 2 12 3 29 34
5 1 -4 279 287 8 2 -2 99 99 2 4 7T 115 -104 7 5 -7 85 64 3 1 0 0 o 3 9 -5 282 269 212 4 30 -27
5 1 =3 114 -105 8 "2 -1 S5l4 S47 2 4 8 3l4 -297 T 5 =6 148 143 3 7 1 361 307 3 9 -4 262 242 4 12 -4 30 -6
5 1 =2 39 -29 a 2 0 o 13 2 4 9 125 -127 7T 5 -5 62 -65 3 7T 2 286 -248 3 9 -3 177 169 4 12 -3 239 263
5 1 -1 138 1121 8 2 1 233 232 2 4 10 82 86 7T 5 -4 0 -3 3 7 3 132 -114 3 9 -2 26 21 4 12 -2 474 496
5 1 0 309 2717 1 3-12 331 -324 4 4-12 120 -113 T 5 -3 1717 169 3 7T & 323 297 3 9 -1 407 366 4 12 -1 190 -189
5 1 1 34 40 L 3-11 155 152 4 4-11 49 50 T 5-2 195 191 3 7 5 231 -214 3 9 0 218 197 412 0 94 90
5 1 2 92 -717 1 3-10 27 9 4 4-10 54 =55 7T S5 -1 212 =200 3 7 6 [} 23 3 9 1 306 -281 113 -4 136 165
5 1 3 456 442 1 3 -9 468 483 4 4 -9 91 92 T 5 0 177 1713 3 17 7 565 -558 3 9 2 222 217 1 13 -3 289 324
5 1 4 126 -120 1 3-8 49 =34 4 4 -8 535 -507 7T 5 1 0 -21 3 7 8 131 143 3 9 3 98 -87 1 13 -2 88 95
5 1 5 81 81 1 3 -7 195 193 4 4 =T 216 205 7 5 2 380 389 5 7-10 [} 3 3 9 & 464 454 1 13 -1 356 -404
5 1 6 450 -478 1 3 -6 4l6 460 4 4 -6 48 -21 T 5 3 84 -92 5 T -9 239 216 3 9 5 287 -289 113 o 41 21
5 1 7 29 27 1 3 -5 153 156 4 4 -5 195 180 G & 0 258 -263 5 7 -8 296 255 3 9 6 133 137 113 1 231 -263
5 1 B 173 -189 1 3 -4 75 =79 4 4 -4 141 129 0 6 1 148 =135 S T -7 131 123 3 9 7 183 180 113 2 172 195
7 1-11 o =17 1. 3 -3 284 -313 4 4 -3 136 121 0 6 2 342 -336 5 7 -6 190 -174 5 9 -9 208 195 1 13 3 2394 -457
T 1-10 138 127 1 3 -2 165 168 4 4 -2 879 895 0 6 3 766 -831 5 T -5 176 -173 5 9 -8 323 299
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Table 4. Interatomic distances in Euz(wou)3.a
A£oms Distance (A) . Atoms Distance (A)
Bu-0, 2.2 - W-o (2) 0 1.70
, ';Qz : 2k -0, (2) S 1.78

-0, 2.7 -

.o3 2,36 w2-03 | 177
-0, 2.38 -0, 1.81
o, 2.6 o, e
05 2.k2 -0 1.72
0,2 o -0, T 2.9

®The standard deviation 1s about 0.03 A for each distance.
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Table 5. Bond angles.®

 Angles at Wl
o o) , 0
0,-W,-0, 109 ol_—wl-,o2 103°(2), 110°(2)
_ _ _ (e}
0,-W, -0, 121
Angles at.w2
(e} @]
03"W2'04 109 oh-wz-o5 : 134
-0 o
03'W2_05 95 0),-W,-Og 111
(o] (@]
03'w2'o6 - 105 '05'W2'06 104
b e} o}
W_-0_'° 0_-W_-0_'
03705 BT 57'27% T
T -0 - - o
0),=W5=0g " Og W05’ 9

& The standard deviation of each anglé is 2° or less.

P 05' is the neighbor at 2.19 A.
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MU.27275

Fig. 1. Relation of the unit cell of Euz(wou) to the
tetragonal lattice of scheelite. The subséripts on
a and c¢ refer to the three settings mentioned in
the text.
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Fig. 2. . Idéal structure of EuZ(WOi)v; The circles represent. =~
Co Eu :'atoms. The squares represent tetrahedra. of: oxygen
atoms around each W atom. The numbers are y coordinates -
of the corresponding Eu or W. atoms. .The broken circles
and squares represent Eu atoms and oxygen' tetrahedra with
y coordinates greater than 1/2. . = B U
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Actual structure of Eu
oxygen tetrahedra are represente

Fig. 3..
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Fig. 4. Oxygen neighbors of two W, atoms. The broken
line indicates the neighbor at~2.19 A.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.
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