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.(Contr\bution from the Department of Chemistry and Radiation 
L,aboratory, University of California, Berkeley 4, California) · 

LATTICE PARAMETERS OF SOME RARE EART~ 

COMPOUNDS AND A SET OF CRYSTAL RADUl 
II 
1' n 
r,~ 

·D. ·H. Templeton and Carol H. Dauben ~ 
f· 

· June l, 1954 · ' . ;~: 
. ABSTRACT "~ . 

. . ~ . 

Unit cell dimensions are given for the compounds ~c13 , 

PrC13, SmGl3, EuCt3 llJ1d OdC13 (hexagonal UC13 type).:;(smz03, 
• ,, 

Eu2o3, ac~2o1 • Dyzo3• Ho2o3, Er2o3• Tm2o3• n 2o3 and 

Lu2()3 .(~ubic Mn2o 3 type), TbF 4 (monoclinic tJF 4 typel• and 

TbOF (rhombohedral LaOF type). A set of empirical crystal 

radii for the trivalent .,rare earth ions ia propoeed. 

·, 

! 
'r', 

,.-
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ln the course of o~r studies of th• crystal che:rntatry of rare 

earth compounds we have:determined the lattice dimel!lsione of ' 
.; 

several compo.anda of known structure type. In certain cases no 
I .. 

lattice di~en•~fn5 have been reported previo·usly, ancl;ln ot~ers 
' ,_ 

the new values ~re believed. to be more reliable beeau;e of better 
~: . 

~· 

purity o,t the .tare earth compounds. These reaulta arr derived 

fro;m powder diff:r.aetton patterns obtain•d with Cu.Ko (U. 5418 Jt) or 
. . . --- . 

C~~ (~2. 2909 R) radia~iop. ~n camera.a!ot 9 ~m. c:Ua~lter. · 
~. 

l 

• I ·y·~ 
;; 
~: 

~he trichloride& of the elem~nts lanthanum throqh gadolinium 
!:. 1 . . . . 2 

were shown to be isostructural by Bommer and Hohmann. %.achariaeen 

,. 

1. H. Bommer and £. Hohmann, Z •. anors. ~llgem. ,Chem. , _Z48. 

373 (1941). 

2. W. H. Zacharias en, J. Chem. Phya., .!!• ZS4 (1948). 

showed that they are hexagonal and worked out the atomic positions 

t ' 
for the iso~tructu.ral uranium trichloride. }'Jo lattice dimensions 

seem to have been reported for SmCt3, Eu.Cl3 or GdC13• Our results 

(Cr~! J"adiation) are listed in Table I, wher~ the prior values o£ 

Zacharia.senz. are given in parentheses for comparison. For CeC13 

and PrC13, which were studied fn both researchils .• the agreement is 

good. 

Otar sam-ple of Smc13 was prepared by Dr. H • .R. Lohr, and the 

others by Qr. C. W. · Koch by the ·rea·etion of the respet:thre oxides 
. . . . 

with hydrogen chloride ,cas at 800 to 900 K. 
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NdCl ·. 
3· 

SmC13 

El.\Ct
3 

GdC13 

..,... 
-~ 

Table I 

Lattice Parameters of Hexagonal Trichlorides ·' 

a c v -- -
(7. 483 :ti o. 003 !}a (4.- 375 :1: 0. 003 X) a itZ.l R3 

7. 450 • o. 004 4. 315 ::1: o •. ooz Zo7.4 

(7. 451 ::h 0. 004)a (4. 313 * 0. 004)a ~ 

~ 
7. 4ZZ :~: 0."005 4. Z75 l!l: 0. 004 jo3.9 

& 0. Ol)a s 0. Ol)a 
"t~ 

(7. 4Z 4.26 ~ :.; 
~ 

(7. 396 11: o. 004)a (<&. Z39 :t: 0. 003 )a 
~ 
~oo.a 
t 

' ,, 

7. 378 d! o. 007 4.171 !1: 0.004 t96 .• 6 
., 

7·. 369 • 0. 004 
~ 

4.133 * o. ooz 1"94.4 
.: 
'.;-

7. 363 :t: o. 004 ... 105 * o. ooz l9Z.7 
~· \) . 

Changed from}kX units. 
J 

aW. tt. Zaehariasen (Reference Z). 

I 
Most o£ the seaqui~;xidee of the rare earth element$;t as 

f) 
commonly pr·epar~d have the cubic Mn2o3 type structure~l The 

3. Strukturb-erieht II, p. 38. --
t·, 
11' ,. 

. ~ 
atomic positions a:te given for the mineral bixbyite,. (~e, l Mn)20 3, 

by Pauling and ·Shappell~~ We have calc.ulated cell dimensions 

4. L. Paulbig and M. D. Shappell, · Z. ltrist., 75, 1 Z8 (193.0) • 
..... - ...... ·41'.¥} • 

• · (CUK4t radiation) for sample~ whose purity ts greater than 99. 9.,. - . 

according to spectrographic analysis for metallic impurities. These 

samples, purified by ion exchange methods .• were originally «Jbtained 

from the· Institute for Atomic Research. Iowa State College. The 
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~esults are compal"ed in Table II with eome of the prior values 
' .. 

fo.Wld in the literature. In sevel"al cases the differences. are 

significant. The new values. when plotted as a function of atomic 

.number, fali somewhat better on a carve which ls emooth except . (. ' - : 

!or a cusp at gadolinium. 

~For the atomic p~rametere given by Pauling and Shappell, 4 

w~ieh· we have fo~nd also to .be suitabl~ for Am~o3, S each metal 

5. .D .• H •. Templeton and C. H. Dauben, J .. Am. Chem. ,Soc., 75, 4560 
----·------~~}--- --

i (1953). r 
~z 
¥<' 

atom has six oxygen n~ighbora at an average distance o~O. Zl441 !! 

where a is the. cell dimension. , ·i 
.., r • ,ri 

Te~bl\tm Tetrafluoride ., 
6 . 

Dr. D. C. Feay pre,ared TbF 4 by the reaction of TbF 3 with 

6. B. B. Cunning~m, D. C. Feay, and M.' A. Roilier, J. Am • 

. Chern. Soc_., in press. 

0 . 
fluorine gas at 320 C. The powder patterns, while not e~cellent, 

we.-e identified as those o£ TbF 4 by the similarity withtthoee of CeF 4 
1 a . t 

~nd u.r4 . ' The pattern was indexed (Tabl$ Ill) aecofding to a 

1. W·. H •. Zacharias en, Acta Crxst •• !• 388' (1949 ). 

' t 
~ 
' 

8. R. D. Burbank, Atomic EneTgy Commission Deda.sified 
t 

Document, AECD-32.16, August, 1951. 
~ 
t . 
. , 
f 
J 
'; 

. ' .. ~ 
~. 

} 
I 
" ·~ 

~ r 
.. 
~ 
~ 
' 

·~ 
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~onoclin_ic unit cell with the following dimensions: 

a = 12. 11 • o. o6 R .... 
b :: 10. 15 !t:: o. 05 

c :: 7. 92 -.:t: 0. 04 

f! :: 126. 1 :1: o. 5° 

. Table 11 

Lattice Dimensions o£ Cubic Rare Earth Oxidei . $ 

Compound Cell dimensions 

This r'search 
•I d 

Previous workers 

sm2o3 . to. 932 ~ o. oo9 X 10.9Z28 t b 
lt~· 91 s 

Eu.zo3 

Gdzo3 

DyZ03 

Ho2o3 
) 

10. 866 d: • 005 10.862a ; b 
lt:Oo 864 

.l . 
~ 

10.813.'. 005 1o:azo8 , .. b 
1;0. 819 

. b 
:i 

10.667. ~. 006 J 10.656 ·f 
• > '{' t[ . 

10. 607 :!: • 005 
. 'c '"I>' 

10.60 I 

tr 
Er2o 3 10.547 It 

.. b ;·:. 
• 003 10 •. 5~6 .. 

Tm2o3. 
b 

\ 

10.488. • 006 10.476 {.;,: 

Yb 2o3 ~ 10.439 It • 007 10.4Z9 
b 

t.u2o 3 10.391 * • oos 10.396 
b 

a A. ·Iandelli •. Gazz. chim. ital., 77, 312 (1947) ... 
~----~------· -- . 

b ·. . 
H. Bommer, z. anorg. ailgem. Chetn •• Z4l, 273 (1939). 

<: t 
W. H. Zacharias en, No rake Vid. Akad. Oslo, I. Mat. 

--------------------· -
Nat. Kl • .!• 1 (1928). 

1 

<1The values cited from a, b and c have been changed from kX units. 

. '\ 
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uJ 9 7 . . 10 The compounds ZrF 4 , ruF 4 , ThF 4, NpF 4 , Pl.lF 4• and ArnF 
4
i:", 

J 

.( 

' i 
~ 

9. 0. E. R. Schulze, Z. Krist., 89, 477 (1934). - . .. 
10. L. B. Asprey, J. Am •. Chem .•. Soc., 1!• 2019 (1954). § 

. . ·~ 

also have this atr11<:tttte. Zacbarlaaen 7 determined appro.dma~ met<>l 

atom po_aitions for UF 4• Bu'rbank, 8 wt~h single crystal data fo~UF 4, 
~ 

refined tbe structure given by Zachariasen and obtained also thel 
I ,, . 6 

flu.orine poaitlone •. The space group 11 !;~b -£.2/s._ with twelve 

.::n'lOlecwes in the u.nit cell. .~or TbF 4 the ~11 volume it 786 13 and 

the dena.ity calculated from the x~ray data ia s. 95 g. ~· -3 em..: 

:• 

'! 
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hk.t 

110 
' ur 

021 

111 

20! 

31!* 

11! 

zzo 

31! 

ooz 

130 

zzr 
~ l3T 

310 

422 

31J 

42T 

040 

llZ 

330 

33J 

60! 

Table W 
" 

Powder Diffraction Data for TbF 4 
(CrKo., ~ = 2. 2909 Jt) - -

calc d. 

0.0264 

• 0338 

• 0831) 

. OS3z) 
• 0840 

• 0941 

• lOSll 

• lOSCJJ 

• 1160 

• 1282( 

• 1284'( 
J 

.135Z1 

• 1358..:"' 

• 1·362} 

• 2009\ 

. zozt/ 
\ 

• 2037 \ 
I 

. 2038[ 

• 2041 J 
• 2382 

• 3041 

• 3253 

2 sin e 
obsd. 

0.0260 

• 0331 

• 0826 

• 0936 

.lOSZ 

• 1160 

.1287 

.1347 

• 2015 

. Z38Z 

• 3034 

• 3257 

1 ·a. obsd. 

w 

w 

8 

m 

vs 

m 

w 

m 

w 

vw 

vw 

w 

~. ' 
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042 

150 
·-~ 

222 

53%' 

023 

1st 
241 

Table ttl (cont1d) . 

sinz e 
· / cal.cd. obad.. 

o. 3320) 
. { 

. ... 
l 
,'¥ 

'. '· 

·,: . I a 
obad. 

. 33ZZ( 0.3335. w 

• 3330, 

.)38~ 

.3395 

. 3396/ 

.3403 

.3404 m 

.a · dl ·· k · . v = very, s = stro111, m = me. 11m, w = w~ 

•• ~ 
.'f 'rb~um 9&!laor;lde t 

UCRL-2606 

Feay6 also prepared 1b0F by pyrohydr,\yei·s of TbF 4 at 

400° C in a mu.fOe furnace for about ten boll!' I. !, The pattern (Cu.Ko.) 
. - .:~ --

wa.s p$.eudo-cubich 'wlth considerable broadeninit,'ot some o.f the lin~s. 
~ . . ~ 

With chromium ka; radiation the do\lbling of se"Veral of these lines was , .... ;~ 

resolved. Comparison of the intensities and li~e structure with the 
11 i:: • . ' 

data of Zachariasen for the tetrago·nal and rho.mbohedral forms of 

11. W. H. Zacha~iaaen. Acta Crys~ •• _!. Z31 (l9.51) 

YOF and La.OF showed clearly that the TbOF was rhombohedral. The 

diffr~ction data (Table IV) correspond to a .rhombohedral cell with 

a :: 6. 1s1 • o. oos R -
0 

Q. :: 33. 09 = o. 03 

n s ~ Zachariasen found the space group I!ld - ~ ;, !!! with two molecules 

in the unit cell and reported atomic positions for LaOF which were 
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~~ 

fi 
satisfactory fot" YOF also. The parameters ca.nnot be ~~ry different 

for TbOF as the intensities agree well with those obaer,ied by 
~ 

Zacharias en. for La OF. With these parameters, each tirbiu.m atom 

has four oxy.gen n:ighbors at Z. 45 i _a~d four fl1.1orine Neighbors at -

2. 30 Jt The structu-re is a auperlattice baeed on a sll~tly distorted 
. ' 

. . .!: . 0 11 
CaP'.z type structur_e. For the undiatorted structure !. i.a 33. 56 • 

12.. The value 33. ZZ0 gi~en in Reference 11 is incorrect • 

. 
' . . . . 3 ! . . . 

For TbOF the unit cell volume is a44. $ R and the x-:ray density 
. I ~ 

~l t 7. 89 g. em. ,,, 
.-~~ l 

L'. . Table lV ~-
r. 

'· Powd~r Diffraction Pata for TbO.F 
jj 
J 
.; 

(CrK~~~ ~= 2. ~·909 g) ; - ,., t 

'" z ' hkla hk.t sin e t I i, --- ,...-- >· 

hex. rhomb. calc d. obsd. 
,., 

obad. 
~ 

o-o6 z.zz 0.12.91 0.12.8-t t w 
,. 

102 110 :J • 1327 . lllS J me 

104 ~ 211 .1758 .1759 ··~ m 
l ;, 

0.09 333 .2.905 1 ' 
~ 

• 2.9411 
• 2919 vw 

.'f 
l07 322 ,. 

\.j 
.~ 

;.j 

108 ··33Z ·• 3480 • 3482 !"' m .' 
'-

tor 
~\ 

llO .3551 • 3550 . m+ i 

&: 
11r • 47~1'~ 

.,. 
201 r • • 4768 w 
1. 0, 10 433 • 4771) 

. [ ' 
116 3Zl • 4842/ 

i .. 
• " • 4857 m 

Z02 zoo • 4878) 
. ~. 

, .. 

~ ,' 
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~ 

l' . ·. 

hk .ta hk£ ..... _ .... 
hex. rb.omb. 

204 220 

1, 0, 11 443 

119 432 

207 331 

208 42.2 

1' 0, 13 544 

0, 0, 15· sss 

1,0,14 554 

2, o. 10 442 

211 zor 
212 21T 

1, 1, 1 z 543 

214 310 

-10-

Table IV (cont'd) 

2 sin (J 

calc d. 

0.5309 

• SSZ4 

• 6456) 
( 

• 6493) 

• 7031 

• 7.Z46 

.8071 

• 8215 

• 83Z2~ 

• 8323J. 

• 8430 

• 8716 

• 8861 

obsd. 

0.5310 

• 5519 

• 6478 

• 7'037 

.7Z3Z 

·· ~.,SQ9S? 

• 8215 

I· 

• ~316 
~ 
~ .• 
t" ~'i, 

• ~430 

.~13 
~"' 3 .,57 
·~ 

afor an hexagonal cell with a = 3. 844, c ::;t<J.l3, .. ..... ~ 
, . ~ 

* diifu.se 

.. ~~etrtc~~ .. ~rx;st_al ~~d~~ :. 

UCRL-2606 

I 
-

obsd. 

w 

w 

mw 

vw 

trace 

w 

m+ 

m 

z = 6. 

One of the chief tiles of crystal radii t·s the correlation ol 

variou.a thermodynamic properties. In the rare earth series this is 

not satitdacto~y t£ the radii are expressed to Jiwo decim~l places as 
. f 

is cu.etomary, since the differences between c$djacent elements are of 
t 

' b ~ . 1l the same order of magn1tu.de as the posei le ~oundlng-off errore • . 
~ ,, 
\, 
v 

13. A recent example of such difficulties is g(ven by Wheelwright. 
!> 

--

.; 

Sped4ing and Schwt;lrzenbach, J. Am. ChEkn. Soc., 75, 4196 (1953). C -
'• 
' .,. 1 

1 
i 

. ' 

·"'· 

·,,' 

I,! • 

.··~--

., . 

~: ' 

•. 

·, 
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For this reason, we list in Table V a .set of em~irtcal crystal ra~ 
;f . 
\ . 

for the trivalent rare earth .ions, given to threefdecimal places. It 
. . ' ) 

, shou.id be remembel5'ed that the second decimalls in doubt on an .. ~. . j . 

. ·~baolute scale, but ~he third declmal i• of sigr4'icanee in the . 
f) 

ditferences of adjacent ra.dU. Fo.r most correJative purposes, 
~ 

the absolute· scale is of no c:onsequ.enee. t: 

These radii are based primarily on the (ubic oXides, with 

. the radius of <>:!CYgen talum as 1. 3$0 .R in this st~ucture (coordination t . 
eix). The cell dimensioll8 of the tetragonal otychlorides, 14 the second 

l~ •. D. H. T(1mpleton and C. H. Dauben. J. Am. Chern. Soc., ·7S, -
.. 

most extensive isostru.ctural set available, w~re \l&ed in an 

empirical way to help fix the values for the elements near lanthanum. 

The leas extentdve data on the monoclinb::15 and hengo,nal.ehloridea 
~ . . . 

. 15. l), H. Templeton and 0. F. Carter, l· :Phx,•· Chem., in prees. 

·. . . • . .'.f 16 . ' . •' 
and orthorhombic· fluoride• were us-ed to te.st the c1;1rvature of the 

. ,;· :. :"·l .. ~r · ... 
'l6; ·'A. Zalk!n a.nd D. H. Templeton, ~~ Alt.l: Chem. Soc .• , 75; i4S3·(1953). 

. . -
. ~ 
·~ 

pl~t of radius' againet atQmic nwnb~r .. Abouf as many deviati~na 

occ·\U:red in one. direction as tn the other. J , . 

J 

:3' 
,}.• 

.!> 
,'j· 
ft 

·-r . 
~· ~~~. 

'· 

·' 

·. 
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Table V jj 
' ' q 

Cryetal ·J\~dU of. Trivalent Ra~e: E~~t~ Ioae · 

:li;>n 

:L&, ++:t 

. '+++·· .Ce · 

.·. ~t-++*' . 

'Mtt+++ . . . 
().995' 

. o'. 97~, - ' . 
0.·964 . 

' .. '+++. i Dy. ! 

.. 
0.-9.23 ... 

o. 908,' 

. . o. 894. · Ho +++ ~r~ 

·· ET_·. mr +::_·i ' 0. 88i 

. • O~ 369. 
""'"+++ ,_ ... 

• ,. g ' i:. . o. 858. . ' ' ·: ' ~<< ·:. .Eu +++ . Q •. 9SO Lu +++ r o. 848' 

.. :· ··~.' 'oci;++ :o. 93.& . f ' . 
. . ·.~ ~. r.t 
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. ~~, -· 

'i 

\. 

-.~·"'""'"': . .-.~ ~ ......... 
I.-~. • •• 

, ~- .. 

... ... 

'·· 
' -

1.-· t-- -~ J"'~- . 

'' 
. . -~ . 

'., 

~ . '. 

:~· . ' . 
: ~ . : . ...· ·, ~-_.,.. .. 

•. ;. · ... 

.. ··.·t 
. '' ~ ;' · ... , ·. ' 

; . .· 

: , 1 , , I ·. :·. 
• ~ -. ._· ;;., ~ ,. • ;. j. 

. 'v.._.. ,.. " , ~ • ·,f" • 

, ~. '· ,' . ' • I ' } ' •· ·. • . • • 

· >. -.. :_ .. ·.·.;·_•·· • . ~~ ~."b. to:~. ilk lb&, lMe ..... W. ·1\~t.-. loolt ~ ~Uf1'ACt4o.i·, '., . • . 1 
• . .' 

~) f ' ' ;~~- . -~ .. _·::<>; 
· 'pttotoatapila a~~i;~~rt.orm•d som~ c.l ,die eale~J1atloue, -~ . ; · · ·· · -~ · · ".: . . . . , ... -~·. ; 

.·, 
;;. . . ::~~;t;.~s(;)£ :a·. :Hi>' Ctl~{tljham and hts. stUdeftl·. who ~IUptU~~ us'· ~~itb the . < .' • ~L~ -:·" :: 

. ~~"".••;tb. trlc~rid~ii ~· th~ t~rl>~llm cozf,....u. ~· C!o~»P;l~i~ . '<:: ·. •'·: 
_.-of thll . .etu.d~· wa_a .aided by a John S~mo~ .. Gu.gp~~elm Me~o~l!J-1 ·. . .~ · .. \ ,~: .. ·{,;::: 

.:· h·tlpwehlp .. ·(to.·D.-H.-T-.... i- an.S by 'lie kind·lioaiJtali~y of ~~feJt&or G. -Hllgg · .-. . :::,) l- \~ 
' . ·' 

• .f'..;_ ~~' :. ~~· '-~·.... .••• J.,.·· .·· ·. ·~ •· .. : f~· .l ,.· · ....... ~ ... · 

. ~~4 ~-~ ltl~tltut•· Qf ,:(:.~emi~tr~~- Uriive.raU~ 1· V~p,aal~. ·--~ppe~, . 
$-#d!;t~ 'flUe 1'~8~.arehrwa::a .• uppo·~ted.by tb.;e Atomlc Energy · . · . , . . . .. .. . ' ' . . ' ' i~ .· .. . . . .. . 
. -e..Q .. :t!Jlm-ie&,ion* ·· · -~! .'r· · ·· · , • )t. ·• : ... ""· >' ''· 4 

fl, 
,\ .· ... · '?-

•'' .·, ....... , . 
·''' ., 
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.... · . 
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