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CRYSTAL STRUCTURES OF LANTHANIDE AND
ACTINIDE BCRIDES AND FLUORIDES
Allan Zalkin
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California
ABSTRACT |
The crystal structures of the isostructural compounds GeBh, ThBh’

and UBA have been deduced from x-ray diffraction patterns of powders of

the three compounds and single crystals of ThBh, The space group is
5

D’ =- P4i/mom. The metal atoms are situated in layers, each atom having
fiye nearly.equidistant neighbors in the layer. The boron atoms form a
three-dimensional network, with most of them situated in the planes
half-way between the‘meﬁal layers. The environment of each boron is
very similar to that in UB, or to that in,ThB6° The boron-boron distances
 range from 1.69 to 1.80 A in these crystals.,

The ¢rystal structure of orthorhombic yttrium trifluoride has been
worked out completely from x-ray diffraction patterns of single crystals of
yttrium trifluoride. The space group is ng Pnma. The yttrium ion posi-
tions have been determined by several electron density plots. The fluoride
ion positions have been determined by botﬁ electron density plots and
steric arguments. The acquired ion-ion distances are quite reasonable,
the shortest F-F and Y-F distances being 2,55 A and 2,20 A, respectively.

Rare earth trifluorides isostructural with YFB, SmF3 through LuF3,
have been prepared and their lattice constants measured. The lattice con-
stants form a regular set of numbers. SmFB, EuFB, HOFB’ and TmF3 were
observed to be distructﬁral having the hexagonal LaF3 type structure as
well as the orthorhombic YF3 type structure. Cubic HQOF, and an unidenti-
fied hexagonal Na-Ho-F compound were observed and measured. A cubic
ammonium~-rare earﬁhffluoride compound observed in the preparation of
erbium, holmium, and thulium trifluorides was measured; and was found

to be analogous to the cubic YF. structure reported by Nowacki.

3
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CHAPTER I

THE CRYSTAL STRUCTURES OF CeB, , ThB

L 4 AND UB

4

I. INTRODUGTION
In an investigation of refractdrj‘borides (Brewer, Sawyer, Templeton,

and Dauben? 1951) it was found that cérium, thorium, and uranium form

_‘isostructural tetraborides. The determination of this structure is

described in the present paper. Theiexistence and composition of the
compound ﬂBh were eétablishedvby Andrieux‘(i929). Bertaut andlBlumi(l9A§)
found .the unit celltdimehsions, space group, and uranium positions of

UB iﬁ”independent agreement with our results. Blum has communicated
privately that they also agree with our boron pqsiﬁidns, found by‘steric
considerations. A brief account of our results_haé appeared elsewhere
(Zalkin and Templeton, 1949).

These borides were synthesized‘by heating the elements ﬁogether in
vécuum at about l5OOOC. Most of ﬂhe products were microcrystalline pow-
ders, but some thorium preparatidns contained clusters of single crystals
a few tenths millimeter iﬁ size. These crystals were.reétangular paral-
lelepipeds, nearly cubic in habiﬁ,'with very flat faces and sharp edges,
and with black metallic luster.

Rotation, oscillation, and Weigsenberg diffraction patterns, taken
with copper K alpha x-rays, revealed the structure of these crystals

to be tetragonal with the symmetryfofrthe space group D5 ~~ P4/mbm or

Lh

- ThB , and UB
4’ 14" an AN

were then indexed. The resulting lattice parameters (based on chromium

of one of its subgroups. The powder patterné of CeB

Kal = 2.2896 A) are listed in Table 1. The unit cell contains four.

molecules.
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'Table'l, Lattice Parameters

a8 c c/a x-ray
‘ density
CeB,  7.205 + 0,008 A  4.090 + 0.005 A 0.568 - 5.7 g/cm?
?rh1_34 7.256 + 0.004 4.113 + 0,002 - 0.567 8.45
U,  7.075 + 0.004 3.979 + 0,002 0.562 9.38%
wB,°  7.066 3.97 0,562

a»Ahdrieux (1929) reports 9.32 as the experimental density.

b Bertaut and Blum (1949).

The faces of the ThB, crystals were of the forms {110} and {601} . The
diffraction patterns were taken with rotation about tye [110} and [601] axes,
which are parallel to crystal edges,

| 1" PATIERSON PROJECTEONS

The intensifies of the sﬁéfsJ;ﬁ“thé.zefo-layer WeissenEerg photographs
were estimated by visuél comparison with a set of standard spots made by vari-
able exposure time,. Tﬁe resulting data, with no correction for absorp£ion, -
Qere used to compute projections of the Patterson function, shown in Figures
1 and 2, It is apparent from Figure 1 that the thorium atoms iie in a plane
y = constant. We have.chosen the origin so that y = 0 for these atoms. The
same conclusion follows from the fact'ﬁhat the intensity of the reflection
(hk1l) is nearly indepéndent of 1, though this fact was at first obscured by
the large absorption effgcts.

Oniy.one arrangement of_four thorium atoms in a plane was found to be
congruous with the largest peaks inyFigure 2. This arrangement is repre-
sented by: |
4 Th in 4(g) of P4/mbms + (u, 1/2+m, 05 1/2-m, u, 0)

u ¥ 5/16 |

~

A choice of u = 3/16 gives the same structure, but with different origin.
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Filg. 1

‘The Patterson projection of ThB,; along the [chaaxis.
Contours are drawn on an arbitrary scale and commence
‘at 100, and continue up in units of 100 per contour.
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Fig. 2

The Patterson projection of ThBy on 00l. Contours are’ drawn
on an arbitrary scale, commencifig at 50 wlth other contours
drawn at intervals -of 50 units. ‘The crosses indicate those
peaks which are extraneous and which disappear upon the
application of an absorption correction. AMU 988
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The agreement'ofvthis structure with these Patterson projections is far from
perfect, because of the neglect of absorption effects. In Figure 2, crosses
indicate those peaks which are extraneous. If the‘parameter u is exactly
5/16 (0.3125), then the contribution of thorium to the reflection (hkl) is
ZEY0 if_4h -k =8xr+4+ 4 or if Lk - h=8n+ /4. No such reflection was ob—
served with'copper Kq x-rays. It is estimated from a consideration of the
variation of calculated structure factdrs with u that the parameter must be
0.313 i 0,002, |
"p;:-_“'gIIIgQCORRECTION?FOR ABSORPTION

The half-thickness for absorption of copper Ka x-rays in ThBA is
éstimated to be 3 x 104 cm, or cne or two percent of the diménsions of
the crystals used. Thus diffraétioh is observed only for those surfaces
which afe exposed to the incident beam. If we neglect edge and end effects,
for the moment, then the diffracted beam is zero unless it emerges from the
same surface.

In Figurei3 dnly face AB is effective for diffraction toward M, while
both faces AB and AD are effective toward N. The diffraction intensity from
onevface-for an equatorial reflection is:

I=Q /exp[-o‘x(cosec a + cosec ﬁ)] av
where Q includes all factors except absorption and volume, c’ig the linear

absorption coefficient of the crystal, x is the distance of the volume

- element dV from the surface, and angles a and P are related to the Bragg

angle O and the rotation coordinate of the crystal.#)by

4)- mn/2

28-a

[}

a

m=0,1, 2, or 3



Fig. 3 |



_10_.

‘and the integral is taken over the volume ABE. For a cube of side s large

compared to 1/0, the result of the integration'is

Q82

I= (cosec @ F cosec P)

The function G = ) (cosec a + cosec B)"l, where 2ll contributing faces are
considered,.is plotted as a function of'4>and'e in Figure /. The scale
éorresponds to that of the zeré-layer Weissenberg‘phdtographs. To this fpnc—
tion must be added the effect of edges and ends, which is difficult to cal-
culate because it depends on the perfection of the form of the crystal. The
_éharper the edges,‘fhe less their contribution., We arbitrarily added 0,07

to G (102 of its maximum value) and‘found satisfactory agreement with the
observea,intensities, The constant factors 52 and ¢ were omitted from the
calculations, |

The effect of these corrections is illustrated by Figure 5, which shows -
the results of summing the Patterson projection by the method of HugginsA
(1941), using the same data as in Figure 2 before and.after correction.

Signs were caldulatedifor F values, corresponding to the above structure
for the thorium atoms. Projections of the electron density along [OOIJ are
shown in Figures 6 and 7. The accuracy qﬁ the data is not sufficient to re-
solve peaks due to boron, but the thorium parameter is well verified. Con-
sequentiy, the boron atoms were located by space considerations.

IV. BORON POSITIONS

A large number of metallic borides are known in which a mefallic lattice
is interpenetrated by chains or nets of boron atoms. Each boron atom has
from two to five boron neighbors, situated at a distance of 1.7 to 1f8 4;
this distance is independent of the coordination number. Of particular

interest to us here are the compounds AlB2 (Hofmann and Jéniche, 1936),
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Fig. 4

Actual absorption correcﬁion mask used on the zero
layer Weissenberg photograph along the 001 axls o
ThB, .
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FIG. 5 THE PATTERSON PROJECTION OF ThB4 ALONG THE OOl AXIS PREPARED

WITH THE USE OF THE HIGGIN'S METHOD OF PHOTOGRAPHIC SUMMATION OF

FOURIER SYNTHESIS. THE EFFECT OF THE ABSORPTION CORRECTION IS
ILLUSTRATED HERE, THE LEFT AND RIGHT BEING THE UNCORRECTED AND

CORRECTED PROJECTIONS, RESPECTIVELY.

0Z 988
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Fig. 6

(001) electron density projection. Uncorrected for
absorption.. Contours are drawn on an arbitrary scale
commencing at 100 with contours at intervals of 100,

MU 991
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(001) electron density projection, corrected for

absorption.

Contours are drawn on an arbitrary scale,

commencing at 100 .with contours at intervals of 100,

The 50 contour has been indicated with a dotted line.
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ZrB, (McKenna, 1936), TiB, (Ehrlich, 1947), CrB,, NbB,, TaB, (Kiessling,
1949), VB, (Norton, Blumenthal and Sindeband, 1949), and UB, (Daane and
Baenziger, 1949), in which a simple hexagonal metallic laftice is inter-
pénetra@ed by boron sheets, and the compounds CaByg, CeBg, ThBg, and others
(Allard, 1932; v. Stackelberg and Neumann, 1932) in vhich a simple cubic
lattice of metal atoms is inﬁerpenetrated by a three-dimensional net of
boron atoms.

If the atoms are assigned radii consistent with those found in other
borides, there is just room in ThBA for 16 boron atoms per unit cell, and
these can be arranged in only one Qay, The thorium’lattice consiéts of
layers of the kind shown in Figﬁre 8b, each thorium having five thorium
neighbors in the same layer. Between the layers are holes each bounded
by six thorium atoms arranged at the corners of a triangular prism, just
as in UBy, Figure 8a. There are other holes e;ch béunded by eight thorium
atoms at the corners of a square prism nearly the saggjsizé as the simple.
cube of ThBg, one layer of which is shown in Figure Sé;v One boron (called
B II) fits into each triangular hole,:just as in the MB, compounds, and
there are four such holes per unit cell, Thefe is room for an octahe-
dron of six boron atoms (B I.and B III) in each square hole, just és in
ThBg, and there are two of these holes per unit cell, The boron atoms
- in adjacentlholéé are in contact and form a continuous three-dimensional
network. A layer of .this network is shown in Figure 9. The octahedra are
invcontact with éimilar octahedra in adjacent layers.

The parameters of the boron atoms were calculated by trial and error to
meke the borons as nearly equidistant as possible and as far from thorium

atoms as possible. The results are:
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FIG.8a MBj,

®

F1G. Bb MBg4 FIG. 8c MBg
THESE MODELS

ILLUSTRATE THE FACT THAT MB4 HEAVY ATOM LATTICE ‘IS INTERMEiDIATE

BETWEEN MB2 AND MBg AS CAN BE EASILY SEEN ON COMPARING THE LARGE SQUARE

HOLES OF MBg AND THE SMALL TRIANGULAR HOLES OF MB, BOTH OF WHICH ARE
EXHIBITED IN MBg.

v
\
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LBI in4(e): +(0,0,75 1/2, 1/2,3)

4 BII in 4(h):

X

I

2

=

1]

0.212

+(w, 1/2+w,1/2; 1/2-w,u,1/2)

0.087

8 B IIT 1in 8(j): *(x,¥,1/2; 1/2+x,1/2-y,1/2;

¥,x, 1/25 1/2"':)”1/2"'2.{’1/2)

0,170

0.042

The distances of nearest neighbors are:

BI.-BI
4 B III

B II-BII ~

BFIIIf 2B1I
“BII
- 2B III
M-4BI
-4 BII
-2BII

8 B III

-4 M.

- M

‘2B IIT

ThBA
1.7, A
1.74

1.79
1.79
1.7
1.79
1.80
2.78
2,96
3,10
2.84
3.7
3.85

CeB4

1.73°A
1.73

17T

1.78
1.73
1.78

1.78

2077

2.9

3.08
2.83
3,71
3.82
4,09
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V. POWDER DIFFRACTION INTENSITIES

The intensitigs of the diffractiqns lines of a powdér of UBA were
recorded.with a Norelco diffraction apparatus equipped with a Geiger cbuntef.
These are tabulated in\Table 1a, together with intensities calculated using
the above barameterso The intensities calculated for ihe ﬁranium atoms
aloneeég:in reasonable agreement with those observed. Therefore we cannot
séy that the diffraction data determine the boron positions. However,
there is observed some improvement of agreement when the boron atoms are in-
cluded in thevcalculationo | |

The effect of boron on the intensitiés would be more significant in the
case of CeBA, but we did not have any samples of this compound pure enough
and large enough for a spectrometer measureﬁent.

' Table la Intensity Calculations on UBA'

sin?e# Calculated Intensities
. not ineluding including Observed
'hkﬁ calc. obs. " borons borons - Intensities
100  ,0119 0 0 | 0
110 - .0237 12 6 0
001  .0375  .0372 165 | 119 57
200 L0475 0472 126 106 | 56
101 .0494 | 0 o 0
210 L0594 L0589 167 18 g8
111 L0613 7 7 | 3
201 .0850 L0847 122 12, T g

220 .0950 | 26 25 9
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Table Ja Continued

sin’e* Calculated Intensities |
not including  including Observed
Bk calc, obs. borons borons Ini_:e’nsitie_s
211 0969 ,0965 171 181 121
300 .1068 0 0 0
310 1187 1180 19 21 23
21 1325 1323 31 36 33
301 144 0 o 0
002 1501 L1504 18 29 23
320 L1543 7 8 3
311 L1562 L1563 25 26 29
102 .1620 0 0 0
112 .1739 2 2 3
400 .1900 0 0 0
321 1918 1919 11 8 13
202 1976 1977 35 36 '32
410 2018 ~.2016 58 61 59
212 2095 2097 54 48 49
330 2137 L2138 23 23 22
401 ,2275 0 0 0
420 .2374 0 0 0
411 .2393  .2392 69 73 74
222 L2451 L2449 12 9 11
331 .2512  .2515 35 32 23
302 .2570 0 o 0
12 2689 .26em 11 7 10
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Table 1a Continued

sinZg# - Calculated Intensities
_ not including including Observed
hif calc. obs.,  borons borons __Intensities
421 L2749 0 0 0
430 2968 2974 5 5T 5
322 23045 L3056 . 5T 5+ -6
510 .3087 4L 3 4
431 233437) 43356 9 10) |
003 Jymgf 7} 6} ll_
402 .3401 0 0 0
520 o3443 2 2 <6
511 3462 L3465 7 18 13
103 23497 0 0 0
412 63520 3528 35 36 47
113 .3616 9 7 <7
232 3638 L3645 19 22 20
WO 3800 0 0 0
521 .3818. 4 3 3
203 .3853  .3855 12 12 19
422 .3876 0 0 0
213 23972 3972 19 20 19
530 L4036 L4037 16 17 17
41 ,>04174 0 0 0
600 AR74 4278 5 5 10
223 4328 4338 5 5 7
610 4393 8 8 <12
531 AL 4415 28 26 34
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Table la Continued

~Calculated Intensities

b i, L Tendle g dherved
303 ah447 0 FO 0
132 L4469 6 5 9
512 L4558 5 5 <7
313 L4565 4579 5 5 10
601 L4649 L4658 9 9 9
620 L4749 4 " 3
611 L4767 4173 15 15 11

*ou Ka \ = 1.54184



CHAPTER II -
CRYSTAL STRUCTURES OF YTTRIUM AND THE RARE EARTH TRIFLUORIDES

I. THE CRYSTAL STRUCTURE OF YF,

A, Introduction

In 1938 Nowacki reported the crystal structure of a cubic YF3 from.a
sémple he prepared by.the aqueous precipitation of yttrium with sodium
fluoride; he has hever succeededvin repréducing this compound. We have
reasons to believe that the cubic material he reported is in fact a
sodium yttrium salt of sohe type; this is discussed ﬁore fully later.
Nowacki also briefly mentioned a different trifluoridevprepared-by tfeat-
ing.yttrium in solution with hydréfluoric acid which gave him coﬁplex
powder‘patterns°

Samples of YF3 and several other rare earth trifiu;rides were pre-
sented to us and they were observed to give similar powder patterns which
could not be indeked on a dubic, tetragdnal or hexagonal laftice, These
matefials'had been prepared by passing dry hydrbgen fluoride and hydrogen

, , o
gases over the rare earth sesquioxides at an elevated temperature, 700 C.

B. Preparation of Crystal

Since powder methods failed, we set out to obtain singie crystals;
fwe'took a few milligrams of YF3 powder; placed it in a small platinum
crugible, which in turn was placed in an alﬁmina crucible and theh mounted
in a tungsten coil furnace. The loaded furnace was then placed into the
vacuum apparatus and evacuated to a pressure of between 10=5 to 10-6 mm

of mercury, and the current turned up until the temperature of the

alumina crucible was lhOOOC as determined with an optical pyrometer.

-23-
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The temperature was then decreased to 1000°C at a rate of about 2°'per
minute, and then shut off. When the platinum cruciblé was cut open, many
irregular single crystal fragments were found adhering to the sides;

where the temperéture of the platinum was no doubt highest.

C. Unit Cell and Space Group

One .of these fragmgnts’was mounted along its long dimension and
placed in the Weissenberg apparatus for single crystal‘investigation. The
crystal was photographed with copper K alpha x-rays (A = 1.5418 A). The
crystal was propérly aligned and the following photographs obtained:
rotation, zero, first, second; and third layer line patterns; From these
photographs it was deduced that the unit cell was orthbrhombic with the
following dimensions:

a=6.36 A b =6.86 A ¢ = 4.39 A.

The axis of rotation was the a axis. The following spots were obtained
from the above films:
okl, 1kds 2k, 3kA.
The foliowing extinction rules were ébsérved:
hkO h = 2n
Ok £ k +1 = 2n.
“The above extincfions led to but one poséible spacé group:

pté
2h

- Pnma,

‘Having but a fine powder and a few minute crystals unsuitable for

v specific‘gfav1ty measuremeﬁts, the number of atoms per unit cell was

calculated ;;kere%&ghtly_dlfferant—maﬂner Since Y and Sm were not too

different in ionic radius, it was assumed that the molecular volume of
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YF3 in the orthorhombic cell was slightly smaller than SmF3 in the known

hexagonal cell. From the lattice parameters of SmF3 and its cell contént,

we found 6 SmF3 groups occupied 302 A3, whereas the unit cell volume of

YF., was 192_A3, which yielded for the éell content of YF3 something like

3

3.8 (the nearest integer of course being the wanted value, that being

four yttrium fluorides per unit cell).

D..Trial Structures and Subsequent Projections

The yttriums ~wére much heavier in electron density than the
fluorides andfz;;,thus responsible for most of the diffraction; so as
a first approximation; a trial structure was sought on the basis of the
yttriums alone. Since therfe%eélf? four yttriums per unit cell; they had to
- occupy one of the three four-fold positions avéilablé in the chosen space.
group Prnma, 4(a), 4(b), or L(c)° Both 4(a) and 4(b) required special
extinctions which should appear here as systematic intensity variations
with thé following selection rules: (hk{) strong only if h + k + £ = 2n
and k = 2n, These were not observed, thus leaving the 4(¢) positions as
the only remaining alternative. - These ﬁositions were:

%,1/bsz3 X53/bszs 1/2 = %,3/b,1/2 + 25 1/2 + x,1/4,1/2 - 2.
Qur first big hint comes from the structure factor equation which

for the.h(c) set and for the Okf{ reflections Eeegme:
A =4 coézzw (Efg)_COS 2ﬂ(% + f2). » (1)

Thus the yttrium contributions to the intensities of the Ok{ set of
reflections depend only on the z parameter. Upon perusal of the Ok [
intensities on the zero layer; one peculiar set of extinctions was immedi-.

ately evident. Of the Ok4 spots permissible by the space group (004; 024,
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OLss and Qéh), only Ohhums'present, but even it was very weak. Thus for
the intensities of these spotsvto be zero or very nearly so, A in Equation
(1) must be zero and the second cosine factor on the right of the above
‘equation must be zero. Now‘cos 2n(R/4 + L2) = 0 when = 4 if

= 1/16, 3/16, 5/16, etc., all of which yield the same result. The
parameter z = 1/16 was used to check other intensities on the Ok{ layer
and found to give fair agreement considering tﬁe first appfoximation that
we were neglecting the fluoride ion coﬁtributionsq The' intensities of all
.of the Okf{ spots were then taken from the zero layer by measuring them
visually using a comparison film strip with relative intensities 1, 2,

“ Ly 8, 16, 32, 64, and 128. The intensities were corrected for polariza-
tion ue&ng:zngﬁ%rmuiar ke the fbﬂh4oaj f&+n«lk

1+cos 26) 2

Tokg® a( sin 20 ° hkR (2)

where I = intensity; F = structure amplitude; and.6,= Bragg angle.

No absorption correction has even been attempted here.because the
crystal fragments available had such irregular shapes that little could
be done about it.
| The measured intensities werevthen used to obtain the series of Fka;
the signs of the FOkQ were determined by substituting z = 1/16 into
Equation (é?. The electron density projection perpendicular to the a

axis was then summed with the equation:

P(ysz) =2 2 F_ cos 2n(ky+lz) (3

k ¢ Okl
. ' ' . Zﬂméc,
Beevers-Lipson (1936) strips were used to censummate the summations.

The resulting summation is shown in Figure 10.
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Fig. 10

The electron dens:.‘by projection of YF along the

a axis, Contours begin at +50 and intresse at

regular intervals of 50; the units of the contours

are arbitrary., This progectlon utilizes nineteen
independent -non-Zero terms, An independent non-zero
term corresponds to each set of hkg values, i.e., hk%,
hkg, hRL, ete,, since all of. these terms have the.
same intensities,
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The z parameter obtained frqm the above projection was z = 0.057
as compéred with the trial value of z = 0.062. Resubstitution of z = 0.057"
into Equation (2) did not give any changes in signs.

Another crystal fragment wés mounted and by trial and error finally
oriented along thg ¢ axis. Rotation, zero; first, and second layer photo-
graphs were obtained. The th'intensities were then measured and cofrected
in a similar manner as for the Ok{.

It was then necessary to find a trial value for x to determine the
signs for FOkK° This was done by attempting to place the yttriums in the
structure as equally spaced and uniformly as possible. A view of Figure 11
shows that in the (010) projection, the ions in the plane y = 1/h were at
a fixed distance with respect to each other independent of the value of
x. Now the remaining thing to Bé done was to shift the rows in the two
planes such that all of the ions aré as uniformly spaced as possible.

The distances were béét adjusted by choosing x = 3/8 (0.375) as our
approximation. The ¢ face density projection was then made (Figure 12),
the sighs for the FhkO values'being.determined using x = 3/8, ¥y =1/k,

and ! = 0. The equation for the density projection wass

plw) = EE Fhkoc"s{?*"(hx%ky)fﬁ'f L o (4).
The x parameter from the projection turned out to be 0.366 as com-
‘pared to 0.375 used as the trial value.
Another crystal fragment was then oriented such that the axis of
rotation was the b axis. The hO{ iniensitiésrﬁere measured and the
'FhOR values obtained. The signs for the‘structure.amplitude were calcu-
lated using x = 0.366, k = 0, and z = 0,057. Figure 13 is the b face

electron density projection using the equation:
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Fig, 11

_The (010) projection of the yttriums in the trial structure.



Fig, 12

The ¢ face electron density projection for YFs,,
Contours are in arbitrary units beginning at *50
- and increagsing in intervals of 50, Twenty-six
non-zero independent intensities were used,
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Fig. 13

The b face electron density projection for YF,,

- Contours are in erbitrary units beginning at +50
and increasing intervels of 50, Twenty-nine
non-zero independent terms were utilized,
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P(xz) =% 3 F

2 2 holcos‘ZW(hxfﬁz) (5)

The values of x and z obtained here were 0.368 and 0.053 as compared

with the two previous values of 0.366 and 0.057.

E. Density Section and Tonic Positions
Yttrium Positions
In order to determine the x and 2z values more accurately, it was de-
cided that an electron density section would have to be made through the
plane y = 1/4. The available intensities were from ten layer line films
with the following set of spots:
Okf  hOf  hkO
1k{ h1{ hkl
2k{ h28  hk2
3k
The intensities of all of the above spots were measured and corrected
for both polarization and velocity; the velocity correction wvalues were

those given by Tunnel (1939). The signs of the F were calculated

hkQ
using x = 0,055 and z = 0.367. The above values for x and z were averages
obtained in the three projeétionso The electron density section was made

using the equations

| .
Px1/bz) =22 8F

cosf2ﬁ(hx;+‘%"+,ﬁz) (6)
The (040) section is shown in Figure 13.
The values obtained for x and z from the section were 0.366 and

0.059, and were assumed to be the best value except for a small correction

to be made later on.
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Fluoride Positions

goeichls

S-aa >
We—were now im-a—positien to determine the position of the fluoride

tem using geometrical and sterical

arguments, with strong. hints from their appearances in the electron density
plots. |

There were twelve fluoride ions in the unit cell which we found to
occupy the one available eight fold pbsition and the 4(c¢) four fold positipn;
the space group has no twelve or highér fold position. The decision to
start with this rather than with three four fold positions comes from the
electron’density plots and from spatial arguments. Lgt us see what the
aensity projections showed us regarding the fluoride ions.

o
1. Figure 10 -"A Projection.-- There existg in this projection eight

small peaks interpretable as eight fold fluoride positions. The four fold
ions apparently don't show up here at all,

2. Figure 12 - ¢ Face Projection.-~ Several small peaks show up, half

of which are extraneous. The four larger ones are apparently the four
fold fiuoride ions and are situated at l/a along the b axis which would
indicate it as being in a 4(c) set; like the yttriums, but of course with
different parameters. The.eight fold fluorides show up here also, but

not a great deal more so than the general background peaks.

3. Figure 13 = b Face Projection.-~ Here the eight fold fluorides

show up quite well, because in this projection each of the +150 peaks
present represents the projection of two eight fold fluoride ions in
depth. The remaining peaks have no significance.

L. Figure 14 - (040) Section.-- The four fold fluoride ions appear

clear of the eight fold ones; which are not positioned in this particulaf

plane.
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Fig, 14

The electron density section (040) plane for YF,,
Contours are in abitrary units beginning at +100
and increasing in intervsls of 100, 190 independent
non-zero intensities were utilized, (FOkO terms
were omitted) - '
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With these observations as aids in giving us a general idea of the

fluoride ion location we proceeded to refine the fluoride ion parameters

in such a way as to give us the most reasonable interionic distances.

In all of the ensuing calculations the yttriums are considered fixed by

the (040) section (Figure 14) at x = 0.366 and z = 0.059, A siight

refineﬁent will be made later; however.

Table 2 is now presented as a summary of all of the observed and

calculated parameters for all of the ions. The four fold yttriums and

fluorides are contained in set 4(¢) and the eight fold fluorides in

set 8(d). These positions will be given in greater detail shortly.

Table 2

4 Y in 4(ec)

L F in 4(c)

8:F in 8(4d)

No. of
Terms

Method of
Calcula~
tion

y 2z

y?

zﬂ

y" A 4]

19
26
29

190

a projec-
tion

¢ projec-
tion

b projec=-
tion

040 sec~
tion

geomet-
rically

corrected
values

0.366

0.368

0.366

0.367

0.250 0.057
0.250
0.053

0.059

- 0.058

0.55

0.54

0.528 0.250 0.601

0.250

0.59

0.17

0.16

0.165

0.09 0.34
0.04

0.35

0.060 0.363
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The last item; under corrected vélués, will be discussed ﬁore fully
later. However, as.mentioned above; ali of the calculations forthéoming
were eégg;ﬁ;%ed with x = 00366 and z = 0.059; the slight differences in
the two values were not significant enough to warrant recalculating all
of the values mentioned in this paper. |

F. Description of Structure and Structure
Amplitude Agreement

The interionic distances calculated using the geometrically established

parameters for the fluoride ions are given in Table 3.

Table 3
Number of Nature of the Distance in
Distances - Distance - Angstroms
1 LY - LF . 2.26
1 LF 2.26
1 LF 2.59
2 LY - 8F , 2.26
2 8F 2.30
2 8F 2.33
1 4F - LY 2,26
1 LY 2.26
1 LY 2.59
2 LF - 8F - 2.57
2 8F 2.71
2 8F 2.83
2 8F 2.85
1 8F - LY 2.26
1 LY 2.30
1 4Y 2.33
1 8F - LF 2.57
1 LF 2.71
1 LF 2.83
1 LF 2.85
1 8F - 8F 2.55
1 8F 2.58
1 8F 2.60
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There are three sets of values in the previous table, one set for
eachvkind of atom; the four fold'yttriums, 4Y;: the four fold fluorides, LF;
and the eight fold fluorides, 8F. The yttrium ion is surrounded by eight
close neighbors; all fluoride ions, plus one distant one. The four fold
fluoride ion has asiclosest neighbors two yttrium ions énd two eight fold
fluoride ions, with farther néighbors of six eight fold fluofides and one
yttrium. The eight fold fluorides ha&e three.nearest yttrium neighbors, four
nearest fluoride neighbors, and four further distant neighbors of fluorideéa

Figure 15 was drawn to show the projection of the ions on the b face.
The fluoride ions are represented by large circles and the yttrium ions
by small circles; they ére.not to scale. Figure 16 was drawn as a packing
drawing from Figure 15, still in the b projgctiono The large spheres
represent fluoride ions,. and the small spheres represent yttrium ions. They
are drawn to scale with fluoride ion radius taken as 1.35 A and yttrium ion
radius taken as 0.93 A.

The F values were then calculated and compared with the observed F.
values as is shown in Table 4. Table.h giies the hk{, sin26 as calculated
on the basis of copper Ka x-rays (A = 1.5418 A); F calcﬁlated, F observed
and improved, and F obéerved. The F obsérved values were those used in
preparing the (040) density section; and were an average of all of the
observed spots from all of the films.

The F observed and improved group are those obtained afterwards which
give a slightly better agreement with the calculaﬁed; the imbrovement
was made by readjusting some of the normalizihg factors Between various
films obtained from different crystals to form a uniform set of values.
Since the absorption factor was an ﬁnknown, it was not surprising to find

the agreement varying between the various films.
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. Fig. 15

A projection of the gtomic contents of the
orthorhombic unit of YF, on its a face.

Large circles represent” the fluorides,
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. Fig., 16

A packing drawing of the structure of YF,, Y and ¥
" are drawn with radii 1,35 A and 0,93 A, réspectively,
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The calculated F values were then used to recalculate the electron
density in. the vicinity of the yttrium peak to establish some correction
for the fact that we have made a small error in taking a:finite summation.
When we used the calculated F values of Tablée /4 obtained from x = Of366,
and z = 0.059, the peak shifted to 0.365 and 0.060, respectively; therefore
the éorrected value for x and z was finally established ét'00367 and 0.058,

The value of the deviation was found from:

oz

I Foale |- lFobs

2

— = 0,21 (7
obs‘
for the improved set and 0.23 for the original set. The final parameters

are as follows:

Y 4(c) %,1/k,25 %3/bs7s 1/2-%,3/,1/2+25 1/2¢%;1/k;1/2-2;
x = 0.367 .z = 0,058
F 4(c) x',1/b,2'5 X'53/ksz'5 1/2-%1,3/bs1/2¢2" ;5 1/2+x',1/,1/2-2" 5
~ x' =0.528 21 - 0.601 | |
F 8(d) XM,y g 1/26x1,1/2-y" 1 /2505 X", 1/ 205", 205 1/2-x", 70, 1/2+5M;
Xy, Ety 1/2-x1,1 /2051 ,1 /24215 xM,1/2-y" 2 l/2+x"9yﬁsl/2-z";‘ ﬁ

x" = 0.165 ¥y = 0,060 z" = 0,363

The estimated error in these parameters for Y are % 0.001 and for
the fluorides = 0.002.
The YF, powder pattern was obtained and indexed with chromium Ka

x~-rays (2.2909 A) and the following lattice constants obtained:



a=6353200034
b = 6.850 0,003 A asbse = 0.9274: 1: 0.6413 -
¢ = 4.393 20,003 A

Volume of one unit cell = 191.17 A°
Molecular weight = 145.92

Calculated density = 5.069 g/cc

This structure seems to be in agreement with a few other isolated
facts from the literature. Vogt (1914) reported that a melt of pure yttrium
trifluoride gave biaxial‘plates,-qptically neutral with 2V = 900°

Nowacki (1938) reported the density of yttrium trifluoride, precipitated
with hydrofluoric acid, as 5.15 g/cc as compared with our calculated value

of 5.07 g/ce.

Table 4
: F
F Observed F
hkf  sin?e Calculated  Improved  Observed
000 0.0000  +234
010 0.0127 0
100 0.0148 0
110 0.0275 0
001 0.0308 0
011 0.0435 =40 36 3¢ 35
- 101 0.0456 ~67 4% 37 36
020  0.0507 -99 L5 50 L1
111 0.0583 -69 Al 51
200  0.0593 -13 10 8
120 0.0655 0
210  0.0720 +81 4547 36
021 0.0815 ' 0
201 0.0901 +11 1617 15
121 0.0963 +34 33 3¢ 33
211 0.1028 +29 20 22
220 0.1100 -25 2386 21
030 0.1140 0 ,
0.1232 +71 - 555% 55

002
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Table 4 (Cont.)

: F
F o Observed F

hk{ ein?0 Calculated Improved Observed
130 0.1288 0
300 0.1333 0
012 0.1359 0
102 0.1380 -9 - 15 12
221 0.1408 - ~58 58 99 49
031 0.1448 -6

310 0.1460 0 _ .
112 0.1507 476 5350 51
131 0.1596 +86 7553 75
301 0.1641 +107 6253 52
230 0.1733 -112 607/ 60
022 0.1739 -76 5957 50
311 0.1768 ~55 . H99% 53
202 0.1825 0
320 0.1840 0
122 0.1887 +63 6051 49
212 0.1952 +64 557 50
040 0.2026 +106 - 6672 60
231 0.2041 -1
321 0.2148 -62 T 6044 53
140 0.2174 , 0 -
222 0.2332 +l
IAN 0.2334 0
400 0.2371 © =86 62 &9 60
032 0.2372 0

330 0.2473 o o
141 0.2482 -39 45 0o L5
410 0.2498 - =19 1+ /3 10
132 0.2520 -38 LT 37 40
302 0.2565 =24 30 31
240 0.2619 +l
401  0.2679 +18 I3y 15
312 0.2692 -5k 5246 47
003 0.2771 0 '
331 0.2781 +48 58 49 58
411 0.2806 +4), ' 43 IN
420 0.2878 . +56 : 6863 51,
013 0.2898 -69 40 65 58
103 - 0.2920 -16 19-/¢ 19
241 0.2927 +30 26 32 26
232 0.2965 =52 5355 53
113 0.3047 - =32 3233 36
322 0.3072 +25 - 3132 33

050 0.3166 0 '

L2l 0.3186 +13 15/3 15
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Table 4 (Cont.)

© 3k

F
o F -Observed " F
hk{ sin29 Calculated Improved Observed
042 0.3258 +59 586! 58
023 0.3278 0
150 0.3314 0
340 0.3359 0
203 0.3364 +60 6656 L7
142  0.3406 =34 ey 39 40
123 0.3427 +3L - 39 3¢ 35
051  0.3474 =36 3941 45
213 0.3491 S22 20 20
- 430 0.3511 +47 3647 36
LO2 0.3603 ~48 53 52
151 0.3622 -40 K4 52
0.3667 +66 6552 65
50 -0.3704 0
332 0.3705 +14 35 1y 15
412 0.3730 =15 =L 13
250 0.3759 +49 56 63 56
4L31 0.3819 =22 28 23 28
510 0.3831 0
242 0.3851 -3 v
223 0.3871 =76 63 72, 71
033 0.3911 +46 L2 48 42
501  0.4012 +32 3738 40
133 0.4060 +8 2/ 12
251 0.4067 +20 18/7 18
303 0.4105 +3 /2 16
422 0.4110 ~+50 505) 50
511 0.4139 +46 L +§ 49
520 0.4211 0
313 0.4232 -18 a0 . 22
- 440 0.4397 =61 S5 72 55
052 0.4398 0
350 0.4499 0
233 0.4504 -12 A1 )2 11
521 0.4519 -42 Ll 42 39
152 0.4546 +51 5552 56
060 0.4559 -93 70 86 71
342 0.4591 =22 3023 30
323 0.4612 -35 3233 43
L1 0.4705 -1
160 0.4707 0
432 0.4743 +11. X372 13
043 0.4798 0 _
351 0.4807 -41 5647 56
- 530 0.48L4 0
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Table 4 (Cont.)

_ F
: , F Observed F
hk{ sin?e. Calculated = Improved Observed
061 0.4867 0
004 0.4927 -22 2t a2z 21
502 0.4936 +30 28 31 .32
143 © 0.4946 -23 25 a5 25
252 0.4991 +52 5753 57
161 0.5015 ° +39 k7 4y 51
014 0.5045 0
512 0.5063 -9 ¥ 20 20
104 0.5075 ~54 LS +9 50
403 0.5142 +2
260 0.5152 +1 _
531 0.5152 -59 5853 58
114  0.5202 +48 W95 L5
333 0.5245 +11 2517 25
413 0.5269 +7 59 ot 59
600 0.5334 +48 L2 Ho 36
243 0.5390 +62 67 64 67
024 0.5434 -12
522 0.5443 -60 56 &0 52
261 0.5460 -18 219 21
610 0.5461 =71 65 7, 60
204 0.5520 +1
450 0.5537 -5
12,  0.5582 +4l b 4y 46
L2 0.5629 =45 L7 4y L7
601 0.5642 -16 1718 20
214 0.5647 +15 11/2 11
423 0.5649 +14
540 0.5730 0 _ |
352 0.5731 -46 59 47 59
611 0.5769 =16 18 7
062 0.5791 -49 55 54
620 0.5841 -12 16 /3 10
451 0.5845 +35 3837 38
360 0.5892 0 -
053 0.5938 -59 56 62 56
162 0.5939 +21 24 21 24
22/, 0.6027 +14
541 0.6038 +33 -4 36 41
034 0.6067 .0
532 0.6076 - +22 27 2/ 27
153 0.6068 -33 3330 33
343 - 0.6131 +20 3522 35
621 0.6149 +18 18 20
361 0.6200 -63 8- 51 78
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Table 4 (Cont.)

-7568 56 5835

F
5 F- Obserwved F

hk{ sin“e Calculated Improved Observed

070 0.6206 0

134 0.6215 - =50 =9 4y 49
- 304 0.6260 -32 33 3¢ 46

433%  0.6282 -57

170 ~ 0.6354 0

262 0.6384 2 , -

314 0.6387 -43 57497 - 57

630 0.6474 +78 - 587 58

503 0.6476 +18 17 17

071 0.6514 +11 - X617 16

253 0.6530 _ +19 21K 21

602 0.6566 +14 /¢ 16

513 0.6603 S +32 24 30 27

234 0.6660 +6 -

171 0.6662 +49 58 5¢ 58

612 0.6693 =46 48 44 L7

324 0.6767 +31 3627 L8

452 0.6769 - =14 9 ¢ 9

631 0.6782 =7 7 6

270 0.6799 =63 3% 73

550 0.6870 0 _

460  0.6930 +60 55 74 57

044y 0.6953 -3 v

542  0.6962 43 49 36 40

523 0.6983 =7 v

622  0,7073 -18 13 1 13

144 0.7101 =4b Sk gy 51

271 0.7107 -4

362 0.7124 ©+19 33 /6 33

L43%  0.7168 =7

551 0.7178 +34 I 46 41

461 0.7238 -5

700 0.7260 0

353 0.7271 -18 29 17 27

404 0.7298 L =2

063 0.7331 ' 0

640 - 0.7360 +25 2532 25

720 . 0.7387 0

334 0.7400 +48 _ q047 70

L1k 0.7425 -2

o072 0.7438 0

163 0.7479 +16 7/ 17

370 0.7539 0 :

244 0.7546 =7

701 0 61
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Table 4 (Cont.)

F
F Observed F

hk{ sin?e Calculated Improved Observed

172 0.7586 -30 46 33 38

533%  0.7616 - =14 |

641 0.7668 -16 29 a2y 29

711 0.7695 +18. 22 24 23

005 - 0.7699 0 o

632 0.7706 +4,3 L9 4y 49

720 0.7767 0

L2l 0.7805 , +16 ‘

015 0.7825 -46 4952 L7

105 0.7847 -3 9 : 9

371 0.7847 +35 LO 4 60

263 0.7923 - -50 5553 55

115 0.7970 +12

272 0.8031 =41 Sh4y 54

721 0.8075 +/45 394 39

054 0.8093 0

552 0.8102 -8 A3/6 11

603 0.8105 -43 47 L7

080 0.8106 +51 52 &7 55

462 0.8162 +40 L9 43 L9

025 0.8205 0

613 0.8232 =20 916 9

154 0.8241 +41 L1 43 L7

180 0.8254 0

560 0.8263 0

34 0.8286 -31 é3 3¢ 63

205 0.8291 +68 59594 54

453%  0.8308 +60

125 0.8338 +2

730 0.8400 0

081 0.8414 0

21 5* 0.8418 0

L3L" 0.8438 =14

702 0.8492 +34 40 3¢ 39

65Q* 0.8500 -59 5571 55

543 0.8502 +11 »

181 0.8562 =26 38 35 41

561 0.8571. - . =27 45 37 45

470 0.8577 +24 202( 20

642 0.8592 +15 19/¢ 19

623 0.8612 +43 b 42 41

712 0.8619 +Ll 39 39

504 0.8631 +58 53 53

363 0.8664 ~11 2T 27

254 0.8686 +19 2523 25
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Table 4 (Cont.)

F‘

- F Observed ~F
hk{ sin?e Calculated Improved Observed
280  0.8699  +8 48 3
731  0.8708 -8 By 11
514  0.8758 -26 2730 - 27
372 0.8771 +18 372¥ 37
225  0.8798 -46 56 47 51
651  0.8808 -15 10 /2 10
035  0.8838 +67 5157 51
471 0.8885 -21 2228 22
135 0.8951 -18 - 1518 14 -
073  0.8977 +/1 24y 43
722  0.8999 +17 18 18
281 0.9007 +31 42-36 42
305  0.9032 -25 27 38
173 0.9126 +13 125 17
524  0.9138 -49 52 49 52
315 0.9159 +13 preyc] 17
633 . 0.9245 +7
740, 0.9286 0
LLLT 0.9324 -9
082  0.9338 +4,6 247 49
354  0.9426 -38 6244y 62
235 0.9431 =11 11 11
380  0.9439 0
800  0.9482 +4,6 5052 L6
064  0.9486 +9
182  0.9486 - -39 4642 48
562 0.9495 -30 3935 39
325 0.9539 +15 38 /1 18
273  0.9570 -10 13 13
741 0.9594 =47 St 4 51
810  0.9609 +13 1 10
732 0.9632 =32 3330 - 33
164 0.9634 +43 42 38 41
553%  0.9642 +33 ,
463°  0.9701 “o+3
045  0.9725 0
652 0.9732 ~40 474Y 47
381, 0.9747 +38 #8 35 L8
534" 0.9771 +22 _

801  0.9790 ° +hy
145  0.9809 +
L72  0.9809 . +10 97 9
660*  0.9893 =30
570 0.9910 0
811t 0.9917 -11
282%  0.9931 -4
820"  0.9989 =5 T

*Not present on the set of films observed; all hki
"~ whose values are 433 and above were not photographed here.

*+51in°8 too large; spots are off films.
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II. THE RARE EARTH FLUORIDES

A. Introduction
It was then'décided to investigate all of the rafe earth trifluorides,
particularly those suspected to exhibiﬁ the orthorhombic (YF3 type) struc-
ture. Two methods for preparing these compounds‘were used, a dry and a
wet preparation. The two methods will be described in detail, and any
deviétions from these methods wiii’be mentioned under the individual com-

pounds later.

- B. Experimental (Preparation)

The dry synthesis of TF,, SuFy, Euf,, GdF,, TnF, and YbF, was per-

. | 3* 773 T3 3
formed by others who were interested in these compounds for other ‘pur-
poses and submitted to us for x-ray analysis. These trifluorides were:

prepared in the folloWing'manner. Several milligrams of the sesquioxide

were placed in a platinum crucible and thenvplaced inside a platinum line

apparatus. Thé‘platinum linevwas'evacuated and a dry mixture of hydrogen
and hydrogen fluoride géses_were passed through the system. The tem-
perature was raised and maintained at about 700°¢C fof two hoﬁrs; the
line was cooled and evacuated. Powder patterns of the resulting material
were obtained using chromium K alpha x-rays (A = 2.9094). " The hydrogéh
gas wﬁs probably not necessény excep£ in the casés where oxidation to
a highér state was possible, but it was apparently‘ﬁsed anyway as part
of the general procedure .

" In order to complete the.list of rare earth trifluorides as well as
to obtain petier diffracting'samples; the following_cdmpounds, SmFB,
3 3,.ErFB, TmF3

precipitation as foliows.,'From five to fifteen milligrams of the rafe

EuFy, GdF,, TOF,, HoF ,» and LuF3,iwere prepared by a wet

{
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earth oxide were dissolved in about four cubic centimeters of 6 N HC1.

The solution was neutralized with 6 N NH,OH until the gelatinous hydroxide

4
appeared, and 63§ HCl_(a few drops) was added until the hydroxide dis-
appeared again. The'resulting soluﬁién was transferred to a plastic;

HF resistant, test tube and placed in & bath of hot water, 100°C. One

to two cubic centimeters of concentrated hydrofluoric acid was added and
the formation of a gelatinous precipitate was observed which coagulated

~ and settled to the bottom as a fine white powder in a few'minutes; the
material was left in the bath for one hour. The preéipitate was centri-
fuged; washed with watér, and dried in_én open oven between 100 and 15000o
The dried material was loaded into a platinum crucible and heated in an

5

electric furnace in vacuum (10 “ to 10 mm of mercury) to a temperature

‘o - .

between 1000 and 1400 C for one hour. The resulting material when photo-
graphed with x-rays, generally chromium K alpha x-rays (A = 2.909 A),

4 v ewdalle ' :
gave good sharp powder patterns which d-ended—bhemselves for accurate
measurement of the cell constants. We reasoned later that perhaps it
was not necessary to neutralize the dissolved rare earths before precipi-

etlod,

tation with the h&drofluoric acid. We did prepare EuF and'TmFB-bybﬁet

3
neutralizing with ammonium hydroxide{and did get slightly different
results in the patterns of the unheated material. There was a tendency
for the ammonium ion to form salts with the other ions in solution; these

- salts fortunately volatilized off the ammonia to yield the trifluoridéé

on heating.

C. Experimental (Observations) ™

The preparafioh of each trifluoride and their powder patterns will
© be gqualitatively discussed briefly. Thé quantitative data will follow

later in chart form.
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1. Yttrium Trifluoride.-~ This compound was pfepared by the dry method-
and has been well discussed previously.

2. Samarium Trifluoride.-- This compound has been reported previously

as crystallizing in the hexagonal (LaF3 type) form (Oftedal 1929).
This material was prepared by the dry method several tiﬁes and
resulted in one time being just the orthorhombic (YF3 type) form and in

another time just the hexagonal (LaF, type) form.

3

The material Qas also prepared by the wet method and the resulting
dried bowder, before being subjected to the»heat treatment, gave good
hexagonal patterns. However, after heating the material to 1000 to llOCOC,
both érthorhombic and hexagonal phases were present simultaneously.
| Heating did not seem to affect the bell constantsof the hexagonal phase.

A vefy pure samarium sesquioxide was used throughout. The material.
was provided by Speddings group at Iowa Staté?mzs;ified by ion exchange
resins, as were many of the rare earths used in this research.

3. Europium Trifluoride.—- A pure sample of Eu O3 with no detectable

(spectrographlcally) amounts of any other rare earths was used. The

fluorlde here was prepared by the dry method. The resultlng powder pat—~.

terns showed the orthorhombic form. |
Nowacki (1938) reported that w1th 99. 9% europium, he obtained EuF3

which showed the JL:;Z;:i (LaF3 type) structure, but he did not give

any measurements on it. So we did-a second préparation ofvEqu, this

time by the wet method. The material was prepared without the use of

~ammonium ion and the resulting dried material was found to exhibit the

. hexagonal strucfure.  The material was not heated.v'Powder photographs

were obtained on this hexagonal phase with the use of copper K alpha

x-rays, (A = 1.5418 A).
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4. Gadolinium Trifluoridea—; This compound was prepared by the dry

method. All Qf the measured lines Qere indexed on an orthorhombic (YF3’
type) cell. The Gd203 that was used as a beginning material was spec-
troscopically freé of all rare earths except for a trace of ytterbium.

A wet precipitation was also:gggg'and the resulting material photo-

graphed as the orthorhombic form.

5. Terbium Trifluoride.-- This compound was prepared by the wet method

with a few minor variations. Six milligrams of brown Tb O

47

spectrographic traces of gadolinium, ytterbium, and calcium, was dissolved

s pure but for

in about one cubic centimeter of 6 N HC1l; the smaller amount of acid was
used because this compound dissolved readily 1iberating~g;33;§;ﬁ as it
was.ggzgggzg to the +3 terbium.

The dried unheated material showed the prthorhombic pattern when
photographed; but the picture ﬁas of poor guality. After being heated
to llOOoC for one hour, the material yielded excellent patterns of the
orthorhombic form.

0

273
0.35% -dysprosium and no other rare earths. This compound was prepared-

used had 0.3% holmium and

6. Dysprosium Trifluoride.-- The Dy

by the wet method. The dried unheatea material gave diffuse‘patterns
of the orthorhombic phase. :After heating for one hour at lhOOOC, the
resulting photographs were greatly improved. No wread evidence was present
of a hexagonal phase;

Some of ﬁhe Dy‘F3 was heated in air at about 5OOOC for ten hours,
and it was converted entirely back to the oxide. _

7. Holmium Trifluoride.—- HOQOB, 99.8% pure with 0.2% impurities of

other rare earths, was used. A departure from the established procedure

in the wet method was attempted here. Instead of neutralizing with
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ammonium hydroxide, sodiuﬁ hydroxide was used. The material, on being
ﬂeated to 130000, was completely volatilized; it was noticed that between
300 and 700°C there was a large increasé in the pressure of the sjstem
which could not have been attributed to degassing of the-crucibles,

The-gnheated material showed neither of the trifluoride type struc~
tures. There were two well crystallized phases present;vone wao a face
cenﬁered cubic phase, andvthe other_was a hexagonal phase; the possible
interpretation of thesevtwo phases will be discussed later.

HoF3 was then:prepared properiy following the original procedure
outlined earlier. The unheated dried precipitate showed no trifluoride
structuro;whatooeverg.but did show a primitive cubicvohase which was
probably a mixed ammonium rare earﬁh fluoride. This identical pattern
showed up with erbium and thulium. This salt apparently volatilized thé
ammonia'out completely with the heating.as its pattern disappeared
leaving behind the triflﬁoride structure. The material was heated 3/l
hours at 1100°C.

Two specimens Weré photographed: the first was a powder photograph
of a solid chunk which resulted in a powder pattern which consisted
prlmarlly of a hexagonal (LaF3 type) phase, w1th a much weaker orthorhombic

“(YFB type) phase; the second powder photograph was taken after the ma-
terial was crushed and the resulting photographlshowed the tﬂo phases

anowts
. present in about equal imbensibty.

8. Erblum Trifluoride.-- Pink Er2 3’ ‘99 ,9% pure with 0.1% other rare

earths, was treated by the wet method. The dried unheated materlal gave
the same cubic phase that the holmium did prior to being heated; there
were no lines that could be attributed to any trifluoride type structure.

- After heating at lBOOOC for an hour, a‘good powder pattern of the
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orthorhombic form was obtained from the material.

9. Thulium Trifluoride.~- White Tm203 (spectrographically pure of

‘Jutetium, erbium, holmium, and yttrium but with <0.05% ytterbium impurity)
was used. The material prepared bj the dry method gave us fair orthorhombic |
patterns, but not good enéugh for accurate measurements at the big angles.
The material'was then prepared using'the wet méthod. The dried unheated
sample gave no trifluoride but just a cubic phase already observed in
erbium and thulium. The heated (1000 to llCOOC for one hour) sample gavé
a mixéd pattern of both trifluoride:types (hexagonal and orthorhdmbic)

in about equal intensities.

Another preparation of TmF,_, was undertaken with the'purpOSe in mind

3
6fvfinding out the result 6f_not neutralizing the original solution with
ammonium hydroxide° The resulting dried precipitate gave/the ortﬁorhombic
pattern when photographed with copper K-alpha x-rays.  The material was
not heéted,'and-the‘photoéraphs were not measufed.

10. Ytterbium Trifluofide.—-,A sample of Yb203, containing spectro-

graphic traces of calcium, copper, silver, and sodium but no rare earths,

was used. The trifluoride was prepared by the dry method. The powder

photographs gavekthe typical orthorhombic (YF, type) structure. No real

3

evidence for a hexagonal phase was observed.

11. Lutetium Trifluoride.-- White Lu203 (with less than 0.2% thulium

and ytterbium present) was used in thé wet preparation. The unheated
dried material gave numerous lines of apparently more £han one compound,
none of which could have been due to the trifluoride structures. After
heating at 1000 to 1100°C for an hour, these phases disappeared lea#ing
a material which géve photbgpéphs with chromium.K alpha xpfays of the

orthorhombic (YF3 type) form.
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12. General'ObserVations,-f In many cases the final material gave

extra lines which were not indexible. These were probably due to oxides,
oxyfluorides, or other impurities.
. /
In éll»cases the heated trifluorides wereiébserVed to be from gray
to black in color. -The uﬁheated samples were_alwayslwhite; Eveh the.

yttrium trifluoride powder had a gray tinge to it. This observation has

been made by others and remains unexplained so far.

D. Déta on the Orthorhqmbic_Trifluoride Structures

Table 5 summarizes the quantitative daia on all of the orthorhdmbic
powder patterns obéerved. Given aré the compound; the three axial lengths.
in angstroms,'the axial ratios, the unit celi volume in cubi§ angstroms

- (four metal ions in each cell), the moleculgr weight, and the x-ray
caiculated density in' grams per cubic centimeter. The estimated error
for the values”of a, b, and ¢ is between 0.06% and 0,10%;.

The powder data for.the orthofhombic trifluoride structures are
'presented in the following tables, numbers 6 through 17. Table 6 gives
the calculated intensities for the trifiuoride powder patterns on the
basis of the YF3

S _ S ol
and uncorrected for polarization. The,polarization correction i® made

structure. Given are two sets of intensities: corrected

with the following formula:
a2 1 |2 '
Ia l+;os 20 - p - IF‘ (8)
, sin“0 cos 6 '
where I - intensity, © = Bragg reflection angle, p = mulﬂiplicity, and
-F = calculated structure factor. The multiplicity factor was introduced

into both sets of intensities. An absorption correction was not made.
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The purpose of thé table was to set up a standard of comparison for the
observed intensities of the powder pattefn data in tables 7 through 17.

Tables 7 through 17 give the poﬁder patﬁern data on all of thé‘ortho—_v
rhombic trifluoride patterns‘measured. Lines not indexed were also pre-
sented., A1l of the intensities observed Qefe estimated visually, ﬁitﬁ
no standard of camparison other than neighboring 1ines. The scale of -
the intensities used in order from the most intense to the least intense
is as follows: vs, s+, s, S-, I+, my, M=, Wy, W, W-; VW, VVW where v = very,
8 = strong,; m = medium, w = weak. All sinze's given in tables 7.through |
17 were on the basis of chromium K alpha x-rays, M =j;i§;;A.

In the caseé of holmium and thulium trifluoride, the orthorhombic

and hexagonal phases were both present on the same film; the hexagonal

lines were separated out and presented later separately.
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Table 5

Orthorhombic (YF3 type) Rare Earth Trifluorides.

Com- . Cell Dimensions in A Axial Ratios Unit Cell Molecular Calculated

pound  a b c a/b/c Volume A3  Weight Density
B ‘ ' ' g/cc
YFy 6353 67850 4,393 .9274/1/.613 191.17 145.92 5.069
SuF, 6.669 7.059 L.405  .944T/1/.6240 207.37  207.43 6.643
EuF 6.622 7.019 4.396  .9434/1/.6263  204.33 209.0 6.793
GdFy  6.570 6.984 4.393 ©.9407/1/.6290 201.57  213.9 7.047
TbF3 6.513 6.949 4.3‘81, '.937-3/1/.63.09 198.41 . 216.2 7.236
DyF; 6.460 6.906 4.376  .9354/1/.6336 - 195.23 219.46 7.465
HoFy  6.40L 6.875 4.379  .9314/1/.6369 192.80 221.94 7. 644
Erfy 6.354, 6.846 L4.380 .9281/1/.6398 190.53 224.2 7.814
T 5 6.283 6.811 4.408  .9224/1/.6471 188.63 226.4 7.971
YbF, 6.216 6.786 L.434L  .9160/1/.6534  187.03 230.04 8.168
LuF,  6.151 6.758 4.467 .9102/1/.6610  185.69 232.99 8.332
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Table 6
The Calculated Intensities for Orthorhombic YF3 Powder Patterns
2 . ' ' 2 , .
hk 2 plFl Intensity : hkf p]F‘ Intensity
Corrected for a Corrected for
-Polarization _ : ‘Polarization

011 11 23 ' © 103 2 <1
101 30 6l o 241 .12 <1
020 33 - 62 232 36 13
111 65 100 113 14 5
200 <1 ’ <l . 322 8 3
210 Ly 53 L1 3 1
~201 <1l <1 : _ 042 24 9
121 - 16 14 203 24 10
211 11 ' 8 . o 142 16 7
220 L 3 , : 123 16 - 7
002 17 11 B 051 9 L
102 <1 | <l 213 7 3
221 L6 : 24 - 430 15 7
112 78 39 E 402 16 7
131 100 L6 ’ 151 22 10
301 77 . 35 ' 34 59 28
230 84 36 332 3 1
022 39 17 - ; k12 3 1
311 41 17 . 250 16 8
122 - 54 21 : 431 14 T
22 55 2 | 223 78 43
040 38 14 ' : 033 14 8
321 51 18 ‘ ) - 501 7 A

- 400 25 8 251 5 I
141 20 7 ' ‘ 422 34 24
410 3 <1 511 28 21
132 19 6 - 313 b 3
302 4 1 ' 440 25 34
401 .2 <l - 233 1

- 312 41 13 521 23
331 31 : 10 152 35

411 26 9 _ 060 29
420 22 7 : 342 7

013 32 11 * 323 48

" ¥Chromium K alpha x-rays
(N = 29969 4) |
2909
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Table 7

: YF3 Orthofhombic Powder Pattern

hkA

Observed sin9"
Intensi- - Calcu- = Observed

ties lated
m 011  .0960 . .0960
8= 101 .1005 .1006
8- 020 .1118 1118

. Vs 111 .1285 .1283
s= 20  .1580 .1581
m+ 122 2123 .2122
w 211 ,2260 .2264
vw 220 .2418 2423
m- 002 .2720 2716 -
m- 221 - .3098 .3103
8 112 .3325 3324
s 131 - .3520 .3523
m+ 301 ,3606 3608
m- ..230  ,38l5 .3818
M= 022 .3838 .3833
m 311 .3886 .3887
m 122 4163 4163
m 212 4300 4299
Wt 040 L4470 4470
m= 321 4724 4723
W LOO 5202 .5211
Wt 14 L5475, . 5483
W 132 ,5560 .5557
vw 302 L5646 <5647
m= 312 .5926 .5927
Wt 331 .6121 L6121

Observed hkf - sinzdﬁ_
- Intensi- Calcu- Observed
- ties lated

w 1 L6162 .6155
w 420 .6320 6324

W 013 L6401 6400

W 241 L6450 6459

m 232 .6535 .6529

w 113 6726 6727

w 322 L6764 .6758

m- ‘042 .7188 L7189

w+ 203 Jh21 L1421

w 142 7515 7517

w 123 .7564 .7560

W 051  .7665 7673

w 402 .7922 .7922

Wt 151 .7990 . <T994

8- 341 .8076 8074

W 332 .8161 .8179

m 250 .8285 .8289

w 431 .8397 .8400

s 223 .8539 .8537

w - 033 .8636 .8631

W 501 .8808 .8808

w - 251  .8865 .8923

m L22 .9049 . 9043

\' 511 . .9088 .9082

vw 313 .9327 .9315
s L4O 9674

.9672

' o2 209
*Chromium'Kralpha x-ray (N = 2799;.A)

a=6.353 A; b =6.850A; c = 4.393 A
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Table 8

SmF3 Orthorhombic Powder Pattern

Observed hkR sinzé*
Intensities " Calculated Observed
w 011 .0939 L0944
'm 101 .0971 .0966
m 020 .1053 .1060
5 , 111 234 .1233
s 210 443 oLy
w 121 . 2024 .2025
W 002 .2705 T .2699
m 221 . 2909 - .2909
m 112 .3263 .3272
301 .3332 v
S 131 .3341 .3339
m 230 - 3550 .3550
W 311 <3594 .3597
w 022 - 3757 .3768
m 122 .4053 L4065
W _ 212 L4149 T 4158
W 0LO 4212 4213
m . 321 4384 L4387
W 400 4720 4730
w 141 . 5184 T ,5183
W 312 .5624 .5630
W 331 . 5709 . 5706
m 232 .6258 .6260
W 013 .6351 .6351
W 042 6917 .6925
W - 203 7266 L7262
m 341 L1546 L7548
W 123 JTh3h . Th29
w 250 1770 L7768
511 . .8315
a 223 .8320 -8315
w L22 8479 8470
w 140 .8933. .8930
w 521 -9104 .9100
m 060 9479 9478
w 152 .9584 .9582

*Chromium K alpha x-rays (A = 5.969 A)
a=6.669 A; b = 7.059 A3 c = 4.405 A
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Table 9
’EuFB-Orthorhombic'Powder Pattern
~ Observed hk{ o sinze*
Intensities Calculated Observed

w . 011 0946 0948
m+ 101 .0978 .0976
m 020 .1065 .1066
s S 111 L1244 1243
8- 210 <1463 Jd462
m- 121 . 2043 . 2043

- . 002 -.2716 2715
m 1221 <2941 L2941
m- 112 .3281 ..3285

301 <3372 o
s 131 13375 .3382
m+ 230 <3594 . 3600
M 311 .3638 .3640
Wt 022 .3781 3784
m 122 . 4080 . 4084
m- 212 4179 4180
M= . 040 4261 4264
m 321 4437 Lkl 6

T e 400 4787 4785
R 4l .5239 <5244
W 132 5412 . 5410
m 312 .5675 .5682
' 411 .5732
W 331 '5769 5767
m- 420 .5852 . 5854
W 241 .6137 NSTNA
m 232 .6310 .6309
m- 013 6377 - ,.6382
W= 322 NININ " .6L82
w 042 6976 6973
wt 203 . 7308 7298
W L02 .71503 . T492
8= 341 7633 7637
m- 250 1855 L7861

., 8 223 .8372 8374
m- 422 .8568 .8575
m LLO - 9048 . 9045
m 521 .9224 .9225
m+ 060 .9587 .9589
S 152 .9673 9671
Unindexed Lines '

W .1038
vVw .1366
W 2794
VW 03140 .

oW 6052

#Chromium K alpha x-rays (A = 22909 A)
a=6.622A; b="7.019A; c=4.39A
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Table 10
GdF Orthorhombic Powder Pattern
Observed hkx - sin<e"
Intensities © Calculated Observed
m— 011 0949 0943
m 101 .0984 .0982
m 020 .1076 L1073
s 111 .1253 L1246
s . 210 L1485 L1481
W 201 .1896 .1897
m 121 ' . 2060 . 2060
v S 211 .2165 .2159
m 002 L2720 .2718
m 221 .2972 .2962
m 112 .3293 3295
131 .3405
m 230 .3637 3630
m= ‘311 1 .3685 .3684
m 022 .3796 .3796 -
m 122 L4100 C L4092
m 212 4205 201
m- 040 - 4304 4311
s 321 4492 L486
m 400 . .L864 4860
m 141 .5288 .5279
m 132 <5445 « 5445
m 312 °5';25’ 5713
- 411 .5813
" 331 5837 #3824
m 4,20 - 5940 5942
w 241 °2200 .6196
232 .6357
s 013 6389 .6372
w 322 6532 .6525
W 113 .6693 v 6697
m 042 . 7024 .7026
142 «7328
S 203 . 7336 ° 733Ll
W 051 7405 . T406
W 123 7500 .7502
m 402 7584 .7583
s 341 L7720 7723
W - 332 . 7877 L7865
s 250 L7941 o 1942
w 501 .8280 .8279
s+ 223 L8412 .8418
033 8541
s 422 8660 - .8663
s L4LO .9168 9171
s 521 .9356 .9358
s 060 .9684 .9683
s 152 <9749 9751

*¥Chromium K alpha x-rays (A = 22909 A)
a=6.570; b = 6.984; ¢ = 4.393
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Table 11
TbF3 Orthorhombic Powder Pattern
Observed  hkQ sinze* Observed hkfQ ; sinze* .
Intensi- Calcu~- Observed Intensi- _ Calcu- Observed .
ties lated ties lated
m 011 .0955 .0951 m 4,20 .6035 .6050
8 101 .0992 -.0987 W 241 .6268 6276
s 020 .1087 1075 ' 013 L6 61,20
s 111 .1264 .1260 s 232 L6414 y
m 210 1510  ,1509 wt+ 322 6602 .6605
W 201 1921 1917 W 113 6725 L6725
W 121 .2079 . .2074 m 042  .7078 .7080
v 21 L2193 L2187 - 203 .7382 7392
ww 220 .2325 .2316 m 430  .7393 -13
m 002 .2731 2732 v 051 NN LTLT79
m 221 .3008 .3013 . vW 123 JT540 7532
m 112 .3312 .3311 we 402  .T7679 L7679
) 131 3437 - 3437 w 151 .7784 71786
m 301 .3467 3463 s- 341 .7814 .7809
m 230 .3683 3687 w 412 7951 .7959
w 311 .3739 3746 m 250 .8030 .8031 -
m 022 .3818 3821 3 223 .8L469 8466
m 122 .4127 4125 W 033 .8588 . .8583
m+ 212 J42L) 4245 m 511  .8687 8687
m 040 L3347 4351 m 422  .8766 .8768
m+. 321 4554 0 4559 w 313  .9200 .9188
m 400 4948 4963 m LLO  .9295 .9295
Aa%) 410 .5220 .5225 m 521 .9502 .3501
m 11 .5339 <5347 8 060  .9781 . .9782
m 132 5485 L5490 m 152 .9832 .9827
'm 312  .5787 .5793 Unindexed Lines .
o 411 .5902 vw 4653
‘n 331 .5913 -5913 w .5101

*Chromium X alpha x-ray (A =-§;353—A)
a=6.513; b =6.949; ¢ = 4.384
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Table. 12

DyFs4 Orthorhombic Powder Pattern

Observed hk{ sine" Observed hk{ sine
Intensi- Calcu- Observed Intensi- Calcu- Observed
ties . lated : ties " lated
m 011 .0960 .0958 m 420 .6130 6142
s 101 .0999 ..0997 W 241 6345 .6356
s . 020 1100 .1085 m 013 L6441 6465
s 111 1274 .1260 232 .6476 °
m 20 .1533 1520 W 322 .6670 L6681
W 201 1943 1948 W 113 L6755 6759
m 121 .2099 2077 m 042 142 SJT146
W 211 .2218 2214 ‘ﬁ 142 7456 Thil
m 002 .2740 2739 - 203 JTh2h ’
m 221 3043 .3051 w 051 .7563 7572
m+ 112 .3329 .3328 ‘ 123  .7580 °
s 131 3475 +3480 W 402 7770 776
m 301 .3515 .3520 m- 151 . 7877 1874
. G 230  .3734 3736 m 341 1917 .7919
m 311 .3790 3792 332  .8041 8051
m 022 ,3840 3841 w 412 .8047 -
m 122 4154 4151 s 250 .8136 .8132
m 212 4273 4275 s 223 .8524 .8528
m 040 4402 44,06 w 033 .8642 .8637
m 321 4615 4616 m 511 -.8820 .8823
n= LOO  ,5030. . 5037 W L22 .8872 .8873
m 141 5401 -5403 v 313 .9271 .9263
m- - 132 .5530 .5526 m 4L40 <9432 <9430
m 312 .5845 . .5839 m 52 96L5 .96l
T 331 5991 Jnindexed Lines
m M1 L5990 . 609 e~ 1171
w

1401

*Chromium K alpha x-ray (A = %A)

a=6.460; b =6.906;5 ¢ = 4.376




-y

Table 13

HpFS Ortherhombic Powder Fattern

Ubserved e il
Intensities’ ' Calculated Observed
wt 011 .0562 0959
m 101 ' .10C4 002
m+ © 020 L1111 111
s~ 111 L1282 .1283
m. 210 . .1558 .1557
w201 - .1964 1966
‘m 12 L2115 L2112
W 211 L2242 < R259
W 002 2737 .2738
m= 221 .3075 L3074
w 112 .3335 .3338
m 131 .3502 .2506
'S 301 .3523' .3558
230 .3769 o
m 022 .3815 3777
m . 311 ,381;1 : .38[4,6
w 122 4168 4170
m+ 321 WAYIN L6677
We £00 .5118 .5119
W 1AL 5445 o 5LL5
w 132 .5555 5561
M- - 312 028Zh °589A
' 331 .6061 : _
= 111 .6080 -6071
wE 420 .6222 .6230
: 013 643
w 2._;4’1 06[_‘_05 .610,22
- ' 2352 .2512 6517
- 113 675
v 322 6726 6741
- 121 L6912 .6922
m- 042 L7178 SS9
w- 203 2 T439 CJT439
w- 142 L7498 CJTL97
w o 430 L7641 L7651
s 402 C L7855 .71852
M= 151 . L1942 L1942
m C 341 .8004 .8007
w 250 8220 8217
s 223 .8550 .8550
W - 501 . 8681 L8672
' L22 8966
s s " 8060 .8965
wt L4O . 9559 L9564
m- 521 .9792 L9790

¥Chromium K alpha x-ray (A = 2.969 A)
| 22907
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Table 14

3
Observed  hk{ sin“g™
Intensis Calcu- Observed
ties lated

m- . O0ll  .0964 .0960
m+ 101 .1008 .1008
s— 020 1119 1121
s 111 .1288 1285
s 2100 .1580 1576
W= 201 - .1984 -.1981
m 1210 - 2227 .2124
vw 211 .2264 2261
m- 002 .2735 .2736
wt 221 .3103 .3106
m 112 .3340 .3338
8- 131 .3527 .3532
m+ 301 .3609 3612
" 8- » 230 .3819 .3819
w 311 .3889  .3884
m- 122 ., 179 4182
8- 212 4316 4320
m 0L0 479 4484

m+ 321 4728 731
m 400 . 5200 . 5201
m 141 5487 5488
W 132 .5579 .5582
VW 302 . 5661 .5653
m 312 5941 .5935
m+ 331 .6128 .6125
vw 411 ,6163 L6154,
w+ 4,20 .6319. .6313 .
m 013 YA L6440

241 .6463 6463

. 2909

*Chromium K alpha x-rays (\ = 2.5

a = 6.35; b = 6.846; ¢ = 4.380

09

A)

ErF_ Orthorhombic Powder Pattern

Observed hk%  sin?e¥
Intensi- Calcu- ~Obserwed
ties lated g
m+ 232 °25_55 .6556
113 .6759
m 322 .67180 8769
m o2 °7211 . 7215
m - 203.  .T454 . T450
wt 142 . 1537 .7538
W 123 .3399 L7607
430 1719
W 213 1734 . 1713
w LO02 .7935 .7933
m 151 .8006 .8005
s 341 .8088 .8095
v 332 .8179 .8183
m 250 .8298 .8298
w 431  .8402 .8402
s 223 .8573 8574
m- 033 .8673 8674
w 501 .8809 .8810
s~ L22 .9054 9054
m 511 .9091 .9088
W 313 .9359 .9363
-8 LLO .9679 .9678
‘Unindexed Lines
W+ JA411
v 1716
w .3438
Aa s L4841
vVw 4925
vw .6888
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Table 15

TaF Orthorhombic Powder Pattern

Observed hk 2 : sin?e*
Intensities Calculated Observed
m= 0l1 .0958 .0962
s . 101 .1007 - ,1012
s 020 L1131 .1136
s+ 111 .1290 .1293
m+ 210 1613 1622
m 121 .2138 <2144
w 002 .2701 - ,2702
m 221 .3136 3146
w 112 .3316 ©  .3318
s - 131 3552 .3550
n 30L CL3667 3613
W 022 3832 .3829
m 230 .3875 .3884
W 311 .3950 .3959
w 122 WATIA 4161
m 212 4313 " L4309
s 040 4525 L4526
m 321 4798 - . 4808
W 400 5318 .5335
m’ 14 .5532 .5528
W 132 5578 .5578
m 312 .5975 . 5980
m 331 ,6212 .6223
W L1 .6276 .6292
W 013 6360 .6356
Wt 420 L6449 WIRIA
s 232 .6575 .6580
ww 113 - . 6692 .6686
w 322 .6823 .6836
m 042 .7226 7226
w 203 . 7407 CLT409
123 L1540
m 142 .7558 -7550
vw 051 - TT45 - L7738
W 402 ,8019 .8015
W 151 .8077 .8077
m C 341 .8192 .8198
m 250 8400 .8399
_ 223 - .8538
s 131 . 8538 .8538
vw 033 ,8622 .8623
Nt 501 .8985 .89
s 422 ,9150 .9153
m 511 .9268 .9270

*Chromium K alpha x-rays (\ = %) :
a=6.283; b = 6.811; c = 4.408
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Table 16 .
YbF3 Orthorhombic Powder Pattern
Observed hk{ sin<e* v
‘Intensities Calculated  Observed
W 011 .0953 ' .0959
m+ 101 .1008 . .1015.
m 020 L1137 ..1139
s 111 1293 .1294
§= 210 1644 1641 -
me . 121 2147 L2144
w » 002 <2671 2674
m- 221 .3165 .3166
m 112 .3294 .3290
8 _ 131 .3572 - .3575
m 301 <3724 .3730
. m= 022 - .3809 3814
m+ 230 .3923 .3928
‘M= - 311 . 4009 4015
Wt 122 414G 4156
m+ 212 4313 4309
m- 040 4558 4557
m 321 4860 4866
w 400 <5435 L .5431
m . 132 5575 5568
Wt 312 - 02012 .6021
: 331 .628
m* 013 .6295 -6296
W 411 .6383 .6392
| 420 .6569
s 241 - .6585 .6588
- 232 .6592
vvw 322 °2863 .6863
042 .6228
m- 421 7237 7231
m- 203 .7368 . T364
W 123 . Th89 LTLT6
w 142 7569 L1575
v 051 7790 . 7790
VW 430 7994 .8012
w " =402 ,8101 .8103
m+. 151 .8130 .8125
s 341 .8281 .8278
m 250 8480 o 8487
s 223 .8505 .8508
vw 431 .8659 .8632
: 501 .9153
vvw 251 “9148 °9}59-
s 4L22 .9238 9246
m 511 .9438  «9440

#Chromium K alpha xerays'(x = g;??@ k)
a = 6.216; b = 6.7865 ¢ = L4340
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Table 17
LuF3 Orthorhombic Powder Pattern
Observed hk{ . sin?e® Observed hk® = sin’6"
Intensi- Calcu- Observed Intensi- Calcu~ Observed
ties - K lated - ties lated '

W 011 0945 0946 M~ 312 . 6038 L6047
m 101 .1005 .1009 vw 013 .6205 .6212
m 020 1149 1158 m 331 .6365 .6372
s 111  .1293 .1298 m 232 . 6606 . 6608
m 210 .1675 .1685 w 420 6697 NYAYS
A1 201 .2046 °  .2058 m= o2 . .7227 7226
m 121 .2156 .2160 vw 203 .7306 . 7307
W 211 .2332  .2352 W 123 NIREA S Th1L
W 002 .2630 = .2637 W 142 7574 . 1573
m 221 <3174 +3193 W - 051 1841 . 7840
e 112 .3284 .3272 s 151  .8188 g18s
m+ 131 <3591 .3597 e 402+ -, 8178 ERETEaRt:
022 .3798 7 T m¥ 341 8376 .8378
= 300 3779 309k me 223 .8L5,  .8L60
s- *230 .- .3973 .3988 m 250 .8570 .8570
W+ 311 .4066 4073 g~ 422 .9328 .9326
W 122 L146 4130 m . 511 .9615 9615

m 212 4304 4308 Unindexed Lines
m 040 4597 .L,606 W 1230
n+ 321 ¢h928 < 4943 w 1350
132 .5563 vw 3454
W W00 .55y 9902 v 158
i 141 . 5602 = .5608 vw 4765
vw 302 .5751 5756 vw . 6801
- v 7712

¥ 2 2909
~‘Chromium K alpha x-rays (A = 2999 A)

a = 6,1513 b - 6.758; ¢ = L.467
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\

E. The Hexagonal Rare Earth Trifluorides

The hexagonal SmF,, EﬁFBS,HOFB, and TuF, were observed and measured. -

3
, UF

3

| LaFB’ GeE3 - 33 32 and SmFB; and Ach 3 3 3’

" have been feported by Oftedal (1929, 1931) and Zachariasen (1948), ref'

, PrF_, NdF s Nst,'PuF , and AmF

spectively, as having the‘hexagonal LaF type structure. Nowacki (1938)

3

élso observed the hexagonal EﬁF but'neVer:reported any measurements.

3

Téble_lB summarizes all of the hexagonal structures.

SmF, was measured by Oftedal (1929), but significantly different

3

. wetd ,
cell constants were obtained here and were reported. In light of the

value obtained for EuF,, the SmF, constants reported in-this paper were

3 3

found to be more in line withAthe first four trifluorides (lanthanum,

cerium; palladium, énd neodymium) reported by Oftedal (1929) than the

3
Tables 18 through 21 contain the powder pattern data observed from

constants for the SmF alreédy reported by Oftedal (1929).

the photographs of_SmEéé Equ, HoF‘3 and TmF3} Thevradiation used will
be found in the respective tables. . |

The data for the holmium and thulium trifluorides were separated
" out from amohg their orthorhombi ¢ patterns. |
A1l valges from the lite;abure have been cdfrecfed from kX units

to angstroms{
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Table 18 )
The Hexagonal (LaF3 type) Lanthanide and Actinide Trifluorides
Atomic Compound Cell Constants A c¢/a Unit  X-ray Reference
e : © Velume sity
A3 g/cc

57 Lapj' 7.177 7.344 1.023 327.59 5Q957 Oftedal 1929, 1931

Tysonite 7.138 7.295 1.022 321.88 Oftedal 1929, 1931

(La-Ce)F5 : ‘ :
58 CeF,  7.128  7.288 1.022 320.67 6.12L Oftedal 1929, 1931
59 Prf,  7.075 7.232 1.022 313.49 6.289 Oftedal 1929, 1931
60 NdFy  7.035 7.210 1.025 309.01 6.488 Oftedal 1929, 1931
62 SmFy . 6.99 7.16 1.024 303.0 6.82 Oftedal 1929, 1931
62 SmF,  6.956 7.120 1.024 298.34 6.925 Zalkin
63 EwFy  6.916 7.091 .1.025 293.72 7.088 Zalkin

67 HoF;  6.833 6.984 1.022 282.40 7.829 Zalkin

69 TPy 6.763 6.927 1.024 274.37 8.220 Zalkin
89 AcFy 7.1 7.55  1.023 359.0 Zachariasen 1948
92 .'UFB 7161 7348 1.023 328.13 8.959 Zachariasen 1948
93 NpF3  7.129 7.288  1.022 320,77 Zachariasen 1948
94 PuF,  7.093 7.254 1.023 315.86 Zachariasen 1948
95 AmF 7.065 .025 312.76

W

7.240

| rnd

Zachariasen 1948




Table 19

SuF, Hexagonal Powder Pattern

= -

Observed hk L - __sin%*
Intensities _ Calculated Observed
m 002 .1035 .1029
m 110 .1085 1079
s 111 A344 L1339
w112 - .2120 .2118
s— 300 .3254 .3259
s 113 TATA .3415
oo 004 WAVA] 4163
Cme 302 4290 4292
- 221 4598 4597
v 114 .5226 . .5222
W '2.22 5374 - L5371
mo . 223 L6668 66T
w304 7395 1393
wh 410 1594 1577
s . a1 .7852 7855
W 224 8480 . .8472
W 412 8629 8625
w 006 L9317 .9317

m+ 330 9763 9764

L

- *Chromium X alpha x-rays (\ = 2909 &)
a =6.956; ¢ = 7.120 2.3907
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Table 20
EuF3 Hexagonal Powder Pattern
- Observed hk{ 81n29*
Intensities Calculated Observed
m 002 0473 0477
s 111 .0615 L0617
m 112 .0969 .0968
s 300 1490 L1487
s 113 1560 .1559
w 004 .1891 .1888
m+ 302 .1963 1964
w 221 .2106 .2105
W 114 .2388 .2382
W 222 2460 . 2466
m 223 .3051 .3051
m ng .33$é .3383
+34
me 115 3451 <3464
m+ 411 .3596 .3605
W 412 .3951 -~ .3960
m 413 542 4548
w - 116 4752 4766
225 4943 '
oW 414 5369 .5351
m 306 5745 .5751
w 600 .5965 5954
vw 117 .6288 6271
W 226 .22&3 .6255
415 .6433
m 602 6436 owde
m— 521 6576 6574
w 522 .6932 .6939
m 416 7733 .7529
w 604 .782h - .7836
118 ,8061
m Ll .807L -8070
m 336 .8727 .8732
m 308 .9055 .9052
m 417 9270 - .9270
B B
m 711 . 95 59 . 9555
Unindexed Lines
w .0553
w L0657
vw .0835
w 5212
#Coppeiin K alpha X-rays (X 1. 5418 A)
a = 6, 916 ¢ = 7,091
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Table 21

HoF3 Hexagonal Powdef Pattern

2

Observed hk 1 sin 6
Intensities. Calculated Observed
- 002 1076 .1076.
W 110 1124 1124
s+ 111 .1393 .1392
W+ 112 .2200 - .2204
m - 300 .3373 3379
8 - 113 3545 .3558
m 004 4304 <4297
8 302 LhLL9 4451
m+ 221 4766 4770
Wt 114 ' 5428 <5439
W 222, .5573 5561
) 223 .6918 .6926
s 304 7677 .7682
m 115 L1849 . 7852
] 410 .7868 .7856
] 411 .8138 .8140
w 224, .8801 .8805
m 006 9681 ~.9682
¥Chromium K alpha x-rays (A = 2+909 A)
a = 6.833; ¢ = 6.984 o R-eq
Table 22
_TmF3 Hexagonal Powder Pattern:
-Observed hk{ sinze*
Intensities Calculated Observed
m 002 = .1094 .1098
s 110 14T .1136
s- 111 L1420 1423
W 112 T L2241 . 2246
m 300 <3441 <3443
s 113 .3608 .3613
w 004 4374 <4380
5 - 302 4535 4526
w 221 4861 4857
m 114 .5521 .5528
W 222 .5682 .5679
W 23 . . T049 - L7051
m 304 .7815 .7812
V' 115 - .7982 1974
m JARE .8302 .8299
vw . 224 .8962 .8971
s 006 o L.9842 L9842

¥Chromium XK alpha x-rays (\ = 2.909 A)
a=6.763; ¢ = 6.927 k.2909
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F. Other.Analogous~RX3'Structures

l._Fe3C - Cementite.-- The crystal strucﬁUre of this material was

determined and measured (Lipson, Petch 1940)(Hume-Rothery, Rayner and
Little 1942) as érthorhémbic having had the same space group as we re-
ported for yttrium trifluoridéi the cell cbngtants for FeBwaere'reported
as a'= 5.077 kX§ b = 6.727 kX; ¢ = 4.515 kX. Although the cementite
_ éﬁructure had a similar packing.as'yttriumAtrifluoride, there were tdo
many differences in the two compounds to consider them as being really
iso—struétural. |
The axial ratios were considerably different:
¥, a/v/c - .9724/1/.6413
Fe,C a/b/c = .T547/1/.6711
In the cementite structure the heavy positive iron atoms occupied
- positions corresponding to the light negative.fluoridé ions in the
yttrium trifluoride structure. The:trifluoride could have Been con-
sidered at best a pseudo-anticementite structure. -
The ihteratomic distahces in cementite best agreed with metallic
radio for ihe iron and the carbon; in yttrium'trifluoride the distances
. best agreed with ionic radii for the yttrium and fluorine; Thus YF3
as compared with Fe30 was somewhat of a different type compoun&, ionic

- versus metallic type compound , respectlvely

2. B1F3 - Blsmuth Trlfluorlde.-— An orthorhomblc structure for

'B1F3 has been reported by Zacharlasen (l9h92) hav1ng a = é 56 A;
b = 7.03 A; ¢ = 4.86 A, a/b/c = .933/1/.691.
This compound was considered to be of the yttrium trifluoride

Lorecrtt

type considering the féct that it was a trifluoride te—begin—with,
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and the axial ratios were comparable with the rare earth trifluorides.

G. General Discussion of the Two Tfifluoride»Structures

LaF3 and alltof the rare earth trifluorides up to and including

EuF, were observed to precipitate from solution in the hexagonal form.

3

In the cases of SmF3 and EuF3, the_orthorﬁombic form was induced to

appear when made at ér treated to higher temperatures. CeF3 failed to
demonstrate distructuralism even after heating.

GdF_, TbF

3 773

tion as the orthorhombic form and presumably all of the rare earth

s DyFB, and TmF3 were observed to precipitate from solu-

trifluorides from terbium through lutetium would élso, given the proper
~conditions of excluding other ﬁositive iong such as ammonium and sodiumx:
The hexagonal patterﬁs in this region.of the rare earths appeared only
after high temperéture treatment.

.- It has been observed that the hexagonal structures like CeFj, SmFs,
andEu{F3 gave good pow@er patterns when pre:fzizited frqm splution
without any heat treatment other than drying? The orthorhombic tri-
 fluorides, on the other hand, had to be heated before giving good pat-
‘terns. Thus it might be ﬁossible for the hexagonal structure to-form.
even.though it was less stable thén»the.ofthorhémbic structﬁre, as it
would nucleate.énd drystallize more readily. This mi ght have been.the
case with the precipitation of the trifluorides of samarium and'europium.

In the case of holmium'triflubride whén an uncrushed chunk of the
heated material was photographed, the powder patterns gave stronger
hexagonal patterns than thé crushed and powdergd.material. This could

have been due to the fact that the surface was heated to a higher tempera-

ture and cooled more rapidly than the interior of the chunk; this is in
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favor of the argument that the orthorhombic form was the low temperature
stable form for these compoundsP

It may be noted here that the hexagonal fbrmx;;é-a denser and appa-‘
rently better packed structure than the orthorhombic‘form. This was best
seen in comparing the average molecular volumes in the.two structures as
is shown in Table'23. These vqlumes were obtained from the unit cell

volumes in Tables 5 and 18, by dividing them by 4 and 6, respectively.

Table 23

Average Molecular Volume in the Varioué
Compounds for the Two Structures

Hexagonal Orthorhombicr' ¢ Difference

SwF,  49.72 A2 51.84 A3 BRT;
EuF,  48.95 A% 51.08 43 417
HoPy  47.07 A% 48.20 A3 2.34
TF,  45.73 O BY 3.03
The HoF, and 'I‘mF3 seex; 2; 'l’)?e of f | cons_ide_rébly »;'mm the hexagoﬁal
series as can be seen in the—nexb—figure. OSmF, reported by Oftedal (1929)

3

”

seems to be off also.
.The molecular volﬁmes of the two series of structures were plotted
and presented for comparison in Figure 17. |
Regarding chemical stability of the various structures, one interest-
ing observation was-made. Hexagonal CeF

3
without any apparent change in the pattern except for the sharpening up

g o
was heated in air at 400 to 600 C

a bit of some of the lines. When orthorhombic DyF3 was heated in air

to SOOOC, it was completely converted to the sesquioxide. This was
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probably‘not due so'much to ﬁﬁe différence in the two struqﬁures, Bﬁt
probabl& more Qﬁ%h the fact th;t'aé‘an ion decreases iﬁ“size it becoges
; weaker base; therefore cerium does not @ave as strong an attachment
for oxygen as does dysprosium.

- Thé main purpose of tﬁis }esearCh was to §btain the orthorhémbic
pattefﬁs for measurement, énd‘ﬁo:spécialfeffort wés-zziz’to detérﬁine |
the various stabilities. Thié discussion indicated roughly what further
work would ha%e to be done to hore fully resolve the issues.’

| In summing up the relative stabilities of the two phases, it has been
suggested that the hexagonal structure was a higher temperature form
than the orthorhombic structure. In the region lanthanum through
neodymium, the heXagonal structure'was'the room température stable
form; in the region terbium through lutetium, £he orthorhombic étructure !
was the room tempé;éture stable form. Samarium and europiﬁm fit in
'bétWEen the two groups and it cannot definifely be said Whidh structure
is the room temperature stable form; the hexagonal structurg may form

here mainly because it nucleates;eaSier, leaving the orthorhombic form

as the possible room temperature stable form.

H. Miscellaneous Non-trifluoride Compounds

1. Sodium-Holmium-Fluoride Gémpoﬁnd;iﬂexagonal).—- As mentioned
previougly in the experimental sectidn when sodium ion was introduced
into the +3 holmium solution instead of ammonium ion, two new phases
were observed in the powder patterns of the unheated material: a‘héxar
gonal phase and a cubic face centered phése. Th; hexagonal material
was probably a sodium-holmium-fluoride compound of some unknown compé—

sition. Comparisdn with several mixed salts yielded no comparisons,
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i.e., NalaF, (Zachariasen 19.8), P-Na¥F, (Hund 1950") and others. The
powder pattern data for_this méterial has been presented in Table éh;
;he face Cenﬁered cubic lines were separated for discussion in the next
paragraph.‘ The cell constants for the hexagonal phase are:

a=8.82A ¢ =504 A

c/a = 0.5688  Volume of one unit cell = 342.85 X8
The quality of the picture was fair, the lines tending to be a bit broad.
The hexagonal phase showéd indiéations QngOOd crystallization, as evi-
denced by a certain amount of spottiness in the lines.

‘ Table 24
Powder Pattern Data of a Sodium-Holmium-Fluoride Compound

. Observed hkQ : sin<g" :
Intensities Calculated Observed

W 613 ool .0516 0512
m 110 .0669 .0666
m+ 101 0736 L0740
m 111 - .1185 .1180
m 20 1407 414
vw 210 n,1562 1552
. 211 .207

-002 . 2065 - 2080
me 301 2522 .2527
vw 221 .3188 .3185
W 212 .3625 .3627

401 4060
mt 302 071 -40T3
w 103 .4870 L4871
w 312 4945 4965
w 113 .5316 5314

500 5571 ‘
W 203 .5538 055l¥5
W 402 . 5609 .5634
m- 330 - .6016 .6026
w 501 .6087 .6036
wH 420 .6238 .6215
' 303 .2653 L6649
- 412 YR
m 421 6754, -6743
vW 223 .7319 7324
W 511 L1423 JL27
W 313 .7543 7542
W 520 .8690 .8690
m- 323 .8881 8877
W 512 .8972 . .8970
Wt 413 .9326 .9324
v 214 .9821 .9816

¥Chromium K alpha x-rays (h = 2-9909-A)
a=8.862A; ¢c =5,041 A R:.R909
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2. Holmium Oxyfluoride (Face Centered Cubic).—- The face centered

cubic phase was. found to have far too big a cell constant to be anything
like sodium fluoride; it was suépected of being either HoOF or NaHoFA,
both of which might have the fluorite structure. The intensities of
~ these=twe—pessible compounds were calculated (on the basis of a fluorite
structure) and corrected foff;olarizatioénand multiplicity and then com-
pared with the observed intensities. This treatment showed that this
compound was probably HoOF, The observed and calculated data on the
. . : QQ.A.R/“QWM. . :
intensities and sin”6 were—placed-in Table 25. The cell constant was
found to be: v

a=5.523%0003A V-=168.48 4.

Calculated x-ray deﬁsity of HoOF = 7.881 g/cc.

Table 25

HoOF, Calculated and.Observed'sinze and Intensities V

Intensities. :

. ‘ sinze* h2+k2+12 Cal culated For

Calculated - Observed : hk{ Observed  HoOF 'NaHoFA
.1289 .1291 3 111 s+ 100 100
1724 L1721 4 200 8- 30 2
3447 L BLL42 8 _ 220 s - 52 .68
4738 4732 11 311 s ‘ 47 46
5187 .5162 12 222 Wt 10 <1
- .6888 .6883 16 400 mt 14 3
8176 L8174 19 331 .8 50 , 48

8603 .8604 20 420 8~ 3 . 30

¥Chromium K alpha x-rays (\ = 25969 A)
: KR.2909

.Other known oxyfluorides are: :
' ' AmOF (Templelsn ) o= 6g A |
AcOF (Zachariasen 19&9%) a=5.955A
PuOF (Zachariasen l9h91) a=5"704A
'LaOF (Klemm and Klein 1941) a = 5.77 A
YOF (Templeton and Dauben) a = 5.51 A
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3. An Ammonlum Rare Earth Fluoride Compound (Cublc) -~ Nowacki

(1938) never was able to reproduce the cublc compound he described as
yttrium trifivoride. Hund (1950 ) tried to approach this cubic phase
by mixing together varying quantities of B-NaYFh (cubic) and YFéﬂ As
he increased the YF3 content he got a series of cubic compoundé with
increasing cell constant épproaching Nowacki's value; however, the cubic
cell was not of the same type, and the‘densitiés began at values:below
Nowacki's density and increased far beyond.

In three cases2::2;;und—éi§:;:;&s-durlngfgg;f1nvest1gatlons that
had many similarities to Nowacki's cubic patterns, As was mentioned
previously under the eXperimental section'when holmium, érbium, and
thulium were first precipitated and dried, they gave cubic patterné of
the same type; when these materials werevheated they were transfﬁrmed
into the trifluoride structures.

The material from the holmium precipitation was measured and in-
dexed és a primitive cubic lattice with a = 5.81 10,01 A. The thulium

kand.erbium films were not measured but their cell constants were esti-

mated not to vary from that for the holmium compound by more than the

- error. limit. This was probably due to a very loose structure, and to

the close value of the radii of the respective ions concerned.

-The observed intensities obtaihed by'visual'estimation seemed to
check fairly well with those reported by Nowacki for his cubic yﬁtrium
trifluoride pattern. This can bé'seen in Tabie 26 which presents
Nowacki's intensities versus the ones obtained in the holmium film.
‘The cell constant was much lérger in our case than with Nowacki's
(a = 5.664) which was probably due to his use of sodium ion and our use
of ammonium ion. Nowacki probably had a mixed sodiumyytiriumrflﬁoride

salt of some unspecified composition.
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Table 26

A Cubic Ammonium-Holmium-Fluoride Powder Pattern

. = :
hk £ sin26 ‘ Observed .. Nowacki's
Calculated Observed Intensities - Intengities =
s 3

For Cubic -YFB

100 .0389 .O383

w W
110 LOT777 .0770 m w
111 .1166 L1162 .8t s
200 1554 1552 m m
20" - 1943 .1948 w w—
211 - L2332 2311 w viW-
. 2616
220 .3109 .3108 s vs
.3409 w
221 . .
300 <3497 <3493 w W
310 .3886 .3899 W W
311 - 4275 4277 s s
222 © L L4663 4651 w+ w+t
L4956 W
320 .5052 . 5044 W VW-
321 «544,0 5432 w+ vw
. .5768 VW
400 - .6218 .6218 Wt m-w
322
10 . 6606 .6575 vvw vvw
330 ‘ o vvw vvw
1 .6995 7005
331 .7383 L7384 m+ m
420 JAT72 L7768 m m-w
421 .816L .8148 . VVW vVw
332 , . VVW

422 .9326 .9330 , m+. .om

* Chromium K alpha x-rays (A = 2:909 A)
**Cbpp‘ep_z.::_; -+K alpha x-rays 2.2909
a=528L-0,01
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