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I, IRTRODUCTION

It was in the late 1700's that evidence was first
obtained for the exlstence of the elements which are now
known as the rare earths. The techniques of inorganic and
physical chemistry made great advances during the early
1800's and it was then that the sepsration of the rare earth
elements was begun in earnest. ﬁ@varal methods, both physie
cal and chemical, have been devised since then to obtain
these elements 1n a sufficlently pure state to study their
individual propertiess. Althoush these metals have mequlred
the name "rare®™, it is interesting to note that cerium alone
is more abundant than the more common elements such as

mercury, tin, antimony, cadmlum, bismuth and bungsten.

The understanding of the hahavigr of the rare earths

was furthered conslderably by x-ray studlies, absorbtion
spectroscopy and magnetlc lnvestigations on the elements in
thelr condensed states. Spectroscopic studies of the gaseous
atoms were also informetive, however, there are still several
rare earths whose complex spectra have not yet been complete-
ly explained. In constructing the electronie configuratlons
of the normal atoms of these elements, experiment and thesory

requlire that use be made of the 4f, &d and 6s orbitals. The



addition of two electrons to the 6s subshell, one electron

to the B4 orbital and the remalnder to the 4f orbital begin-
ning with one electron for cerium on up to fourteen for
lutecium, would be the simplest arranpgement possible. Exe
perimental investligations have indlcated, however, that there
are a few discrepancles in the configurations assigned in
this manner., Hevertheless, several characteristic properties
of the rare earths such as valence, magnetlc susceptabllity,
the "lanthanide contraction" and the baslcliy variation

within the group, can be accounted for on this basis.

At present the unéar&ying reasons for the béhavior of
metals are not completely known, FPhase transformations in
metals are numerous and usually occur betwesn a few rela-
tively slmple structure types. ‘Attam@ta have been made to
predict the stable erystal phases, however, ithe snergy
differences betwesn allotropic modifications are small and
the insxsctness of theorstical calculations of these values
makes this approach of 1little value. Preclse experimental
investigation has thus bé&n the basls for inereased under=~
standing of thess phenomena, Such physical propertles as
erystal structure, magnetie anomalles, elsctrical resistivity,
alloy characteristics, deformation and strength qualiﬁiea and
others must llkewlse be related to the energles ol the
metals in a fundamental manner. This lmplliss a direct

dependence of thelr characteristics on the electronic



configurations of the respectlve metallle elements, Preclse
data on the above properties are indesd necessary before any
reliable theoretical explanation of thelr behavior cén be
formulated and at present this information 1s quite limited.
The rare earth group represents a serles of elements which
are remerkably similar in many aspects and which have elec-
troniec configurations which differ but slightly. They are,
therefore, desirable and convenient te employ for investi-
gations leading to a further understanding of the nature of
metals, I one neglectaz the electrons of these elements
located in the 4f, 5d and 6s subshells, the remalning con-
figuratian 1s consistent throughout the series, Thus, if
the additional electrons are added uniformly to the 4f, &d
and €8 orbitals the intrinaiérprﬁyertiea of the metals should

also vary in a uniform manner.

Several characteristic qnalitiaa,‘whesa variation within
the rare earth group can be correlated, can be obtained from
erystal structure studies alone. Crystal structure, metallic
radius, atomic volume, density and axial ratio for hexagonal
close packed modifications are all pertinent to the formula-
tion of a metal theory. Rlectrical reslsbtlivity studlss also
are ﬁeairaﬁi@ and 1 exemined as a function of temperature
“they can be used to determine the existence of allotroplic

phase transformatlions.

Although previous investigations of the crystal structures,



resistivitlies and phase transformatlions of the rare earths
have been made, the puriity of ﬁh@ mebals studied and the
techniques employed suggest that the data reported be con-
sidered with reserved judgment. In many cases the informa-
tion glven is n&t suffielently accurate to reveal small
differences in behavior among the individual elements, For
these reasgons the crystal structures of the rare earths as
well as scandium and yttrium were determined by x-ray dif-
fraction techniques and precise values of thelr lattlce
parameters were obtained. Several of thelr inherent prnper~
ties were calculated from these data and correlated graphically.
The elsctrlical resistivity values of lanthanum, cerium,
pragseocdymium ard neodymium were inveatlgated ss a funetion of
temperature and used to ﬁ@tarmim@ the phase t?anaformatinn
temperatures of the se metals. Metallographlc sxaminations of
the distilled metals were alsc made and revealed interesting

gbtructural phenomens.
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IT., CRYBTAL BTRUCTURES OF THE RARE BARTH METALS

Ae Introduction

Conslderable work has been done on the crystal struce.
tures of the lighter rare earth elements; however, ithere is
at1ll some controversy over th@ true normal room tempersture
gtructure of lanthanum, cerium, praseodymlium and neodymium,
The remalining rare earths as well as scandiwan and yttrium
have been previously invaﬁtigatwﬁ but eonly by a few workers.,
uIn almost all cases the purlty of the metals ls questionable
especlally ag concerns thelr oxygen, nltrogen, hydrogen and
carbon content. The lighter rare earths being the most
resctive in sir, one must consider surface impurlties which
would not be easily detected. Although the metals were pro-
tected from the atwosphere, very little oxide, nltride or
hydride would be necessary Lo glve an xw-ray diffraction
pattern of the lmpurity since the metal stoms have & rela-
tively high scattering power. Thls would be especlally true
1f metal filings having large surface aress are used as the

diffrseting sample,

The technigues and casmerss avallable today also allow

for greater preclslion than was possible for earller investi-



gabtiona., Most of the previous work hed been done with small
dlameter Debye-Scherrer type powder cameras which in theme

selves allow only limited accuracy.

For an accurste crystsllographlic study of alloys one
must have precise lattice constants for the metals belng
investigated, This further emphasizes the need for more
acourate values for the unit cell parameters of the rare
earths. Although little is Being done in this laboratery
concerning the alloys of these metals at present, this study
will most likely'raaﬁiva inereased attention in the near

fubure,

All samples wele ﬁyae%rngra@hiaally analyzed for olher
rare earths, tantalum and common ilmpuritles; analyama for
oxygen, nitrogen and hydrogen were difflcult and frequently
unreliable. Except for 1anﬁhanﬁm, cerium, praseodymlum,
neodymium and gadollnium, all precision determinations of
lattice constants were made with distilled metal which was
condensed on tantalum at a relatrvely low temperature. Metal
filings snd bulk specimens were used with a Debye~Scherrer
camera and a Noreleo diffractometer unit to determine the
actual erystallographic structure of the metals, When
single erystals could be obtalined from relatively large
quantitlies of distllled metal, rotation and Welssenberg
photographs were obbtained for more definite sitructure assigne

ment. MHlicroscople examinations of the metals were made for



impurity phases as well as for informatlon concerning the

microastructure of the various crystal lographic forms.

Although scandium and yttrium are not usually classifled
a8 rare earths, thelir properties are very slmilar and therefore
1ike studies were carried out with thenm along with the rare

earth metals,

By Historloal

Sinee & considerable amount of study has been devoted
to the structure of cerium, lanthanum, neodymium and praseo~
dymium these will be considered individuslly whereas the
remaining rare earth metals, as well as scandium and yttrium,
will be treated as a group. The lattice parameters obitained
from literature were gilven im‘ﬁngstrmm unlts, however, those

reported before 1943 are probably kx unite (1 o = 1,00802 kx).

l. Lanthanum

MelLennan and ﬁeﬁay,l using a modifled nonsymmetric back
reflleoting low btemperature camera and a normel powder camera
With‘filt@w@ﬁ copper radiation, flrst studied f1lings of me-
tallic lanthanum of unspecified purity in 1930. They found its
structure to be hexagena} close packed (h.c.p.) with a lattice

parameter of agp x 3.72 3, and & ag/kg ratio of 1.63 2.



In 19838, %uill,% uging metal recelved from Kremers of
the University of Illinols which had besen prepared by the
electrolysis of a mixture of lanthanum chloride and sodium
ehloride or potassium fluoride, also found lanthanum to have
an h.c.p. structure. Copper K, radlation and a 57.4 mm.
dismeter powder camera were used for the examination of
metal filings obtained in a hellum atmosphere, the pattern
being corrected with sllver whlch was used as an internal
standard, The lattice constants obtalned were a, = 3.75, ¥
010 &, ¢, = 6,065% .03 &, co/Ag = 1.613 and the calculated
density of the metsl was 6,194 g./om.%,

Lanthanum, having a purity of 99.6 per cent, prepared
by the electrolysis of lanthanum chloride and 15 per cent
sodlum chloride, was studled by Zintl and %aum&yr5 in 1933.
The impurities present were silicon, aluminum, magnesium and
carbon, and the metal had a melting point of 812°C. and a
measured density of 6,158 g./cm;ﬁ. Piltered copper radiation
and a ll4.6 mm. diameter powder camera were used to examlne
the metal filings obtained under a nitrogen atmosphere, The
unannealed pattern gave broad lines but was indexed 28 h.C.Ds
After heating for several days at 350°C. in vacuo, a sharp
face centered cuble (f.c.c.) pattern was. obtained whose

lattice parameter was 5,286 T ,002 .

Rwsﬁi,Q in 1934, while studying some rare earth hydrides,



reported lanbhanum as origlnally he.c.p. but after annesallng
at 350%C. for several days he found 1t to be f.c.c. Further
inveatigation led him to report that the fic.8. structure

was only & surface effect. The parameters reported were

a, 3 3.75, E, aa/ha 2 1.61 for the h.c.p. lanthanum structure

and &, z 5.88-5,63 ﬁ for f.ce.c. lanthanum hydride.

Klemm and ﬁammar,5 who are justly acknowledged as the

chief workers in thls fleld, prepared lenthanum by reducing

the chloride with liguid alkali,matal in an argon atmosphere
at a temperature of about 380°C, Filtered copper radiation
and 8 57.3 mme diameter powder camera were used to examine
the reduction mixbture ol lanthanum metal and potassium
chloride, the potassium chloride pattern belng used to correct
the lanthanum lines., Only the f.c.cs structure was observed
which had a lattice constant of aﬁ 2 5.294 2 and & calculated
density of €.18, g./em.®. This f,c.c. structure was sgain

6

observed by Bommer® in 1939,

In 1@49; 21@@1&?,? preparing rare earth suparcmnauaﬁivity
samples observed an initial diffuse pattern of the h.c.p.
phase for lanthanum samples of 95.5-98 per cent and 99 per
cent purity. After heating at 350° C. for 96 hours a sharp
f.c.c. pattern was obtalined. Young and ziegiaé? in 1952,
while studying the structure of lanthanum nitride reported

the structure of lanthanum annealed four days at 350°%C. as
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being f.cec, with a l&t%ic@ constant ai 8o = 5 201 ¥ 003 kx.
Although lenthanum and lanthanum nitride (ag = 5.284 ¥ ,004
kx) are both f.c.c,, they could differentiate between the

- two structures by their cbgerved line intensities. Copper K%\
radiation, a 14,32 em. diameter powder camera snd copper and
gllver stendards were used to investigate the lanthanum
filﬁngs'preyaraé in dry h@lium or nitrogen. In 1953 ziegiar,
Floyd and Yﬁung§ sgain rapert&ﬁ~obﬁainlng a‘diffuaa h.a.p.
structure before heeting along with additlonal lines thought
due to lanthenum hydride. A pattern aantaining chiefly
fu.cec, lanthanum was found after the sample was annealed at
3500-400°C, for two to four éay$* The h.a.p. structure had
the parameters a, z 3.74 t .01 kx, 65 = 6,06 £ .02 kx,
cy/8y = 1,62 £ .01, and the cubic value was a, = 5.285 ¥

005 kx, In adﬁiﬁimn to thé‘&nnaa;@é feCeCo atru@tura; there
were faint lines due to the h.c.p. phase plus a number of
weak 1in@& &saignab1e %o a second feCeCe atrucﬁura having an
a, value .5-1 per cent less than that of the f.c.c. lanthanum,
81ix samples, varyling in purity from 94.8 per cent lanthanum
to one contalning less than .01 p@r cent beryllium ané traeea
of aluminum and magnaaium reaceived from the Ames Lmbaratary,

ware studled uaing the praviausly manﬁianaﬁ equipment and

techniques, All beshaved similarly.

In 1952 James, Legvold and ﬂpaddinglﬂ of this laboratory,
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1ile reporting the low temperature resiativity of some rare
earth metals, observed lanthamum to have a mixed structure of
heCape and f.¢.0. phases, the h.cspe. being predominant.
Filtered copper radiatlion was used for the diffractlon studies
and the samples were in the form of needles of approximately
2 mm. dlameter. The metal had been prepared by the reduce
tion of the chloride wlth caleium under helium or argon with
subsequent removal of caleium by melting in a magnesium oxide
erucible in a hizh vaecuum. S8Spectroscople analysls showed

the metal to contain less than 1 ?@5 cent magnesium, less

than 0885 per cent calclium and less than .01 per cent other
rare earths, these values being the limits of detection at
that time. The fact that the metal was prepared In a magnesla

erucible probably accounts for the hlgh magnesium content.

The most recent work on the str&ctﬁre of lanthanum hes
been reported by Parr, Glorgl and Bowman®l in 1983, Using
copper K radlation and a 114,59 mm; poﬁaar camere, they
examined the mixture resulting from the rsdu&tiah of lane
thanum c¢hloride with potassium vapor. Thelr results indi-
cated the presence of f.c.0. lém&hanum, potasaium ehloride
and lanthanum hydride. The potassium chlorlide was used as
a standard {or corrections; the presence of the lanthanum
hydride lines could not be explained. Attempts to obtain
hec.p. lanthanum by low temperature reductions (959¢.),

slow cooling from 380° to 150°C, and annealing the f.c.c.
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lanthanum plus potassium chlorlide mixtuwe for 28 days at
140°¢., all r@%ulted‘in the f.cscs phase., By admitting
hydrogen to the sample 1t was Cfound that the lines assigned
to lanbthanum hydrlide Inecreased while those of f.c,c. lan-
thanum decreased in intensity. The paramsiers reported were
a, = 5,304 © ,008 E for f,c.e. lanthanum and a, = 5,868 ¥
008 g for f.c.ce lanthanum hydride.

For easlsr comparison the literature is summaerlized in

Table 1.

2. Cerium

A. W, Hul1}® first studied the crystal structure of
coerium In 1921 using {iltered molybdenum radiation. He
found 1t to be a mixture of h.c.p. and f,e.c. structures
having the respective lattlce parameters of a, z 5.65 g,
ad/aa x 1.62 and a = 5.12 R. Although the 5&myle‘waa
assumed pwre, 1t had the sam@‘ﬁiffréctiﬁn pattern as mlach
metal (8 per cent iron). The effect of annealing was not

studied,

Schumacher and Laaaslﬁ prepared cerium in 1924 by elec~
trolyzing cerium c¢hloride and remelting it in a magnesia
erucible under a flux of pure sodium chloride. The analysis
given was 98.9 per cent cerium, .08 per cent carbon and ,02

per cent iron. Samples were polished, allowed to air estch
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Table 1. {(Continued)
| Mothod of - |
Author Preparation Puritg; _Technique Results

Zieglsr Several dif- 95,5« Hetal filings ariginally* heCoeDe

(1949} ferent sam- 994 14,32 cm. dia~ 8 = 3.74 kx
Ziegler and Young® ples studied meter powder ¢, = 6,08 kx o

(1852) camera after annealing at 350°C.
Ziegler, Floyd snd fecete &, = 5.2885 kx
Young” same LaHp lines also

%1%55}
James, Lﬁgvuiﬁ and  Reduction of - 99% Hetal needles Mixture of chisfly h.a.p.
Spedding LaCly with Ca {+2mm, diame~ and some f.C.c.

{1952} ter) low tem-

Farr, Glorgl and
Bowmanll
{1953)

" Reduction of

LaCl, with K
vagsg

perature cam-
ara

Examined re-
duction mix~
ture 114.59
powder camera

Fﬂuné ftctﬁa La
8, = 5,304 A.,
EC1. patt&r&,

Laﬁe, 8, =

fec.t,

5.669 A

1
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in a desalocabor about seven days and then gulckly etched
wlith concentrated nitric acid., Prom microscopic examinations
of these samples they concluded that cerlum was of the cubie

form.

Using cerlum metal obtained from Kremers and prepared
by th@'als@tralysia of the chloride, Qnili? in 1938, found
its structure to be f.c.c. with a unit cell edge of agy =
5,143 t 004 A amd a density of 6.799 go/em., TWo llnes
due to & he.ce.p. phase were observed. The work was done with

copper K, radlation and a 57.4 mm. diamebter powder camera.

ﬁassi& in his study of some rare earth hydrides in ‘
1934 reported the structurs of cerium as f.c.c. with a; =
5414, g, Cerium hydride also was f.c.c. with a =z 5.61y g,
howsver, on heating the hyérid@ in vacuo at 55@03. he ob=

served two f.c.c. phases,

Klemm and Eammﬁra in thelr 1?37 erticle, utilizing the
same techniques mentioned earlier, found the structure of
cerium to be f.c.c. also, with aﬁ = 5.140 £ and a density of
6481, g./cm.s.

Lawson and Tang}& in 1949, obgerved a collapsed f.c.c.
modification for cerium which was under a pressure of 15;ﬁ60
atmospheres, the unlt cell length being a, = 4.8@'ﬁ 03 g;

Molybdemum K, radiation was used in conjunction with a
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camera having a dlameter of 7.57 cm. Analysls of the metal
showed the presence of .05 per cent magnesium, .03 per cent
sillicon, .08 per cent iron, .00l per cent copper and .00l
per cent silver, no other rare earths being detectable., This
structure represents a 18.5 per ceéent volume decrease over the
normal cuble phase and 1z believed due to the 4f electron |
belng squeezed into the 54 shell, Attempts to lnduce this
trans formation in rather impure,cﬁrium‘(appruximataly .ﬁkpar
cent iron) having the h.c.p. form at room atmosphere were

unsauccessful,

. |
15 bserved a similar transition

Schueh and Sturdivant
to a collapsed f.cyCe Structure with cerium at liguid nitro-
gen btemperatures, The origlnal structure of the metal
filin@s prepared under an atmosphere of argon was f.c.c. with
8o ® 5,140 £ while the f.c.c. modification observed at 90°K.
had a lattice parémmtar of a, = 4.82 E* Molybdenum K, radia~
tion was used. Analysls indlcated the presence of .2 per cent
caleium, & per cent magnesium and .04 per cent beryllium,
however, the magnesium and calcium were assumed removed by a

subsequent melting in a vacuum,

21@@1@&? in 1949, using cerium of 88.4~85 per cent
purity, found the metal "as recelved” to consist of both
fecsc. and heceps phases, thelr pattern having'guiﬁ» diffuse
lines., After annealing at 350°C. for approximately four &ays

the diffractlon lines wsre sharp and indicated a f.c.c.
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structure.

James, Legvold anﬁ‘ﬁyaééing,ia in 1882, reported the
presence of both f.c.ce and hﬁﬁ@?& vhases exlisting in approxe
Imately ©9.9 per cent pure cerlum, the former modiflcatlion

being predominant,

The literature cited is summarized in Table 2.

3« Praseodymium

Praseodymium also has been found to have more than one
erystal structure at room temperature, ﬁossi,l§ in 1938,
examined a 99,4 per eant pure sample obtained by the elec~
trolysis of pra&aéﬁymium‘thariaa‘by x-ray diffraction.
Small amounts of europium, cerium, neodymium and samarium
were present, Fllbered copper radiatlion and a 57.3 mm.
di&mﬁtar powder comera were ugsed to ﬁ@tennina its structure
as hec.p. with 8, s 34857 K and a@/a a 1,68, While Iin=
vestigating the hydrides of cerium, lanthanum and praseo~
dymium in 1834, ﬂaasi& agaiﬂ,rap@rtadvth@ hecepe structure
but with lattlice parameters of a8, = &.65g 2 and ﬁa/ao =
1,81, This aa&plm was annealed several days st 35000, but

this treatment did not change ites structure.

In 1837, Klemm and Bommer® examining their reduction

nixture of praseodymium and potassium chloride by methods



Table 2.

Summary of cerium literature

Kethod of '
Author Preparation Purity Technligue Results
Hul1 12 assumed Eixture of h.eCeDsg
{(1921) pure ag = 3.65 A
Cep/a, = 1. §$ and
fecuCe ag = 5;1@
Quill® Electrolytic Metal filings f.c.c., &, = 5.143 A
{1932) 57.4 mm. dia~
meter powder
camera
393314 fiélc’, 5,148 ﬁ
(1934) (Ce hs?ériga £uCaCe
| a, = 5.61p &)
o , o | o
Klemm and Bommer® Heduetion of Exsmined reduc- f.c.c. 8, = 5.140 &
(1857} CeClz with 1i- tion mixture
quid alkazi 573 mm. dia=
metal meter camera
Lawson and Tangl4 99% Under 15,000  Collapsed f.c.c. 4

{1949)

atm. pressure 8, = 4.84 A
7«57 cme dla~

meter camera

81



Table 2.

{Continued)

¥ethod of

Author Preparation
Sehuch and Aeduetion of ,
Sturdivantld CeCly with Ca 994
{1880)
Ziegler” 88,4~
{184¢8) 954
Jamas, Legvald Reduetion of 98.9%

and SpeddinglO
{1%52)

CeClg with C=r

Purlity Technique

Results ,

Stuﬁisd at room Room temperaturae: ' +CeCa

tamgeratare at
209K,

Hetal filings

Hetal needles
low tempera-
ture canmera

8, = 5.140
90°K. s f,e'e. o

Originally a mixture of
h"a’?i and ftﬁnﬁt

After anﬁaaliﬁg at 350°C.

only f.c.c. Ba.0g

Chiéfly f.cece but some
hg I

61
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described earller, found prasecdymium to be f.c.e. with

&y B Eﬁlﬁlkg and heving a denslty of 6.80g g;/&mcﬁ- Later,
in 1839, using e sample of 98«89 per cent purity, they ob-
served with one exception only the h.c.p. modification which
could not be transformed to the f.c.c., form by anneallng
below 500° ard 425°C.17 The lattice parame ters reported
were a, = 3.662 T .003 2 and ¢o ® 5.908 % ,005 and c¢y/a, =
1,613, irr&gul&r&ti@syiﬁ line intensities between the obe
served and caloulated values were notlced and several
adﬁi%ianal lines were observed which could be accounted for
only if the ¢, axls was doubled., The authors evidently did
not have enough conviction in thelr observation to report the

gtructure ag having this doubled value.

Using s $&Mﬁlﬂ of &4.% per g@mt prasecdymium, 37 per
cont lanthanum, ziaglﬁr,? in 1948, observed only a few 4if=
fuse lines with the metal in the "as received” state, but
af'ter annealing at 350°¢, for four days the x~ray diffrac-
tion pattern obtalned contained several sharp lines dus to an

unknowyn sgtructure.

~ James, Legvold ard &p&éﬁinglg reported a mixture of both
hecepe and f.c.¢. phases @xistimg‘in)a sample approximately

92,9 per cent pure in 1982, the former ph&aé praﬁaminating,

Table & sumnarizes the literature cited.



Table 3. Sumary of prasecdymium literature

¥ethod of

‘ Author Preparation Purity Technique Results
Rossil6,4 Eleetrolytic 99.,4% 57.35 smm. dia- Annéaled &t‘ﬁ%@gc*:a
{1932} (1834) meter powder heCaDe, 8By = S.857 A
: camera Co/8p = 1.68
later found heCePe,o
ag = 3.652 A
co/8, = 161
o
Klemm and BommerS,l7 Reduction of =~ 98-99% Examined re- (1937) f.c.ev 8, = 5,151 A
{(1837) (1839} PrGlz with li= duction mix=  (1939) h.c.ps 8, = 3.662
quid alkall ture 57.5 mm. 8o = 5.908
metal diameter pow= ' ¢o/8p = 1.613
der ecamera {ecp value yasaiglg doubled)
Ziegler” - 54,87 Metal filings Annealed at 350°C,:
{1949) Pr ‘ unknwon structire
37% La
James, Legvold and Reduction of 99,8% lMetal needlss Chiefly h.c.p. but some
Speddingl0 Prely with Ca low tempera=  f.c.c.
ture camersa

(1952)

0
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4, Heod Vi ium

Quilx? in 1932, first reported the structure of neody~
mium 88 hec.p. using filings obtained in a helium atmosphere
from metal prepared electirolytleslly by Kremers. Coppsr K*~
radiation and a 57.4 nm. dlameter camera were used and a
silver standard was added to the filings to correct the

diffraction angl@&; The lattice param&tars raporta& were
8o w 3.65 T 010 £, oo = 5.88 * ,0%0 &, So/a, = 1.608, and
the calculated density was 6.991 g./cm.>.

in 195?, Klemm srd Eamm@rg found neodymium to be h.c.p.
with a, z 5.655 £, co = 5,860 £, 60/8q = 1,609 and having a
density of £.99g gt/nmyﬁ. Lﬁter, in 1839, using purer ma=-
terial (frie of all other rare aartha; they reported its
parametors ug a, = u.ﬁbO'x 003 A,‘ag = 5.890 % ,006 ﬁ
co/8, = 1,613 and Lts density as 7,004 g./em°. Y7 again,

as with prasseodymium, doubling the ¢, axis accounted for
some additional lines not allowed for with the ¢, value

revorted.

%ieglar;? in 1949, using 78 per cent neodymium, 15 per
cent praseodymium metal reported, as in ﬁh@ case of praseo«
dymium, a diffuse pattern %aﬁmya‘aﬁnﬁalin@ at 350°C. for
apﬁymximataiytfaur days and a sharp unidentifiable pattern

after heating.

James, Legvold and &padﬁinglﬁ found neodymium metal of
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greater than 99 per cent purity to be entirely h.c.p.

With neodymlium containing .03 per cent calcium as its
ma jor impurity and less than 30 p.p.m. carbon, Elliﬁger,ls
in 19886, verifled conclusively ths suspected structure of
Klemm and Bommer., Metal filings were annealed 50 hours at
200%, in vacuo and were then pxamined with a 114.,6 mm.
diemeter Straumanls type camersa and a 19 cm, diamep§r Unicam
high temperature camera utlllizing copper radiation. From
the high angle doublets the lattice parameters of tha'h.eﬁp.
structure were determined as a, z 3,655 % .001‘3, Co =
11,796 ¥ ,004 ﬁ and G@/&é s 3.227, The caleculated density
wag 7.08 g¢/cmg§. The space group was glven as Pﬁa/mmc
with four atoms of the unit cell at the followlng positlons,
(0, 0, 0), (0, 0, 1/2), (1/3, 2/5, 1/4) and (2/3, 1/3, 3/4).
This structure was found to be stable to at least 680° ¥

10%.

The doubled c¢,-axls structure of neodymium has alsoc been

verified in this lsboratory by Behranétlg studylng single

crystals of neodymiuvm with Welssenberg and precession cameras,

The neodymium literature clted is summarized in Table 4.

5, Scandium, yttrium and the remeining rare earths

The remaining rare earth metals except for element num=

ber 61 have been studled chlefly by Klemm and Bnmmsr;ﬁ’ﬁ’lv



Table 4.

Summary of neodymium llterature

Hethod of

Technique

Auvuthor Frevaration Purity Hesulls
. , ©
quill® Blectrolytic lotal £ilings Leo.Pe, 8; = 3.65 &
{(1932) 57.4 nm. ¢l a= c, = S.88 A
mater powder co/8y = 1.608
camera A
Klemm and Bommer®»17 Heduction of 98994 Examined re= (1837) h.g‘ﬁ, g 655 %
(1937) (1939) NaCls with duction mix= c = 5.5@3
liquld alkall ture 57.35 mm. = 1.609 o
metal diameter pow- {(1939) h,a.p. a, = 3.650 A
der camera Co ﬁ.gg
’ : ﬁa/ ﬁ 1@613
¢y Value psssi&ly doubled
Ziaglar7 78% N4 Metal filings Annealed at 550°C.: un=
{lgéﬁ} 15% pr known structure
ElliﬁggrlS , Reduction of 99.9% Metal filings Annealed at ﬁsgﬁage
meter Strau- Co = 11796
manls type ca= sﬂ/é - 3,227

mera and Unle
cam high tem= '
perature camera

stable to 680°C.

e



Table 4. {Continued)
‘ Be thod of ' S
Author Preparation Purity Technigue Resultis
Behrendt 19 Reduction of 99% Single erystals h.c.p.: a, = 5.69 A

James, Legvold and
Speddingl
(1952)

NdCly with Ca

HReduection of
Eéﬁlé with Qs

99%

‘Weissenberg and
precession ca=
meras

Hetal needles
low temperaturs
camers

co = 11.83 R

Entirely h.c.ps

38
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In 1937 they prepared the metals by reducing the chloride

wlith liquid rubidium, ceslum or potassium metal at tempera-
tures low enough to eliminate s reversal of reaction. These
reduction mixtures were sealed in glass capillaries under ar-
gon and examined in a 57.3 mm. diasmeter powder camera., Fil-
tared copper radliatlon was used for all metals except ytterbium
and europium for which cobalt K, radlation was employed. 1In
avery case the alkall chlofiéa in the mixture was used in core
recting the diffractlion angles of the rare earth metal, kxact
analytical data for the materials were not reported except for
gamarium which contalned .8 per cent europlum and .3 per cent
gadoliniun, The gadolinlum oxide had a purlty of 95.5 per
cent and the. suroplum and ytterblum were reported as being
"pure”., Lutecium was contaminated with approximately 4 per
cent thulium snd the purity of the terblum oxide employed was
about 85 per aant; Ytterbium oxide (4.7 per cent) and lutew
clum oxide (5.7 per cent) were the chief impurities in the
thulium oxide used. The excess alkali from the reduction

- process was sssumed to have been distilled off in heating

to 200°-300°C., but no analyses for these metals were given,
Klemm and Bommer found the metmls to be f.c.c., h.c.p. or

body centered cuble (b.c.c.) in structure type. Thelr

results are given in Table 8, Included are their results
obtained in 1938 on praseodymium and nacaymium; and

Bommer's work on the structure of holmium®0 also reported
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?abxa S+ Klemm and Bommer's x-ray data for

the rare earth metals ©,17

’

crystal 5 o° Penztty

Element structure (a) ‘(ﬁ} co/Bg (ge/cm.3)

La feCuts 5.804 - e bl 8418, |
Ce fecscs 5,140 - - 6.81,
Pr facecs 5,151 . e - €.80g
Pr haceps 3,668 5,908  1.613 6477
Nd Baceps 3,655 5,880  1.609 6,99g
Nd huc.pe 3,650  6.890  1.618 7,00,
Eu b.c.c. 4,573 s - — B.24,
ad Bec.pa 3.622  5.748  1.587  7.94g
T heCeps 5.58% 5,664 1.580 8.38g
Dy heceps  B.578  5.648  1.579  8.56,
Ho R e.p. 3.557  5.620 1,580 8,764
Er hee.pe  3.532 5,689 1,582 9,164
Tm hecep. 3.523 5.564 1.880 9,544
T f.cae, 54468  wmmmm  mmeee 7.01q
Lu BeCeps 3,509  5.55¢ 1,584 9474,
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in 1838, The holmium sample contalned 1-2 per cent dyspro~

gium and & few tenths per cent yttrium,

MeLennan and %@nkmanal first reported the structure of
erbium as h.c.p. with lattice parsmeters of ay = 3.74 E,
eo/8g = 1.63 1n 1929, They obtalned their diffraction
pattern with a modified unsymmetric back reflection camers

using copper radiation and a standard of aapyhr filings.

Seandium was reported as having the h.c.p. structure
by Nelsel?2 ana Eammﬁra in 1938, Melsel obtained his sample
from Flscher who togethsr with Brunger and Grienelsen®?
had determined its density as about 3.1 g./cm.9. They re-
ported its purity as 94-98 per cent scandlum contalning
S8 per cent gilicon aﬁﬁ «2=,5 per cent iron. It was pre-
pared by the electrolysis of scandlum chloride and a potassium
chloride~llthium chloride eutectic mixture using a liquid zine
cathode. Melsel's diffraction patterns were not very sharp
but he was able to discern both f.c.c. and h.c.p. phases in
the metal, Later workers®® indicated the f.c.c. structure
may be dus to &aanéium nitride, The lattice constants
given were &, = 4,532 £ 005 & and a, = 3.30 ¥ .01 &,
o = 5.25 & .01 &, co/a, = 1.585 respectively. Densities of
5.20 t .01 g./em.® (f.c.c.) and 3.02 F .04 g./em.® (h.e.p.)

were calculated for the two structures. Eammar,ﬁ using metal

of an unspecified purity prepared by the reduction of scan~
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dium ehloride with potassium metal reported only the hiceDs
o
wodification with parameters of a, s 5.302 T 003 A, ¢, =

9
5.245 ¢ ,006 A and an axizl ratlo of ¢y/a, = 1.588,

The structure of yttrium was first mentloned by Quillﬁ
in & 1932 article and was more fully reported by him later
in the same yaar;ﬂgﬁ His metal had %aenyabﬁainad frmm
- Kremers ﬁhm had prapared 1t by the electrolysis of yttrium
chloride and sodlum chloride, the original ytirium oxide
being approximately 99.5 per cent pure. Copper K, radia-
tion, & 57.4 mm, diameter powder camera and a silver standard
were used to obtain the corrected yittrium diffraction pattern
which also contailned the strongest ytirium oxlide lines, The
structure reported was h.e.p. with a, = 3.663 T .008 g, ¢, =
5.814 £ 012 R and ¢o/8, & 1,688, The calculated density
was 4,34 g,/bm.ﬁ and ?h@ bulk value messured by Kremers was
4,57 go/cme", ﬁammar,ﬁ 1n,1939, verified the h.c.p. struce
ture but reported the lattlce parameters as ap = 5.629 f
.004 8§, ¢o = 5.750 & .007 A and 6,/8, = 1.585. No analysis

for the metal was given.

Banlster, Legvold and Spedding,®8P 1n 1053, studied the
effect of temperature on the lattice parameters of gadoliaium;
dysprosium snd erbium from room tamﬁarétuma down to about
459K, The purltlies of ths‘matala investigated were ziven as

9949 per cent or greater. Hach metal was found to retain



29b

its hec.p. structure over the temperature range studled,
thelr room temperature lattice parameters being: gadolinium,
a, = 3.635% 002 &, ¢, = 5,775 + .005 &; dysprosium, ao =
5.506 ¥ 002 &, ¢, = 5.653 ¥ ,004 &; erblum, ay = 5.562 %

O &
.002 A, ¢, = 5,602t 003 A.

From the listerature clted one can easily understand
why more preclse determinations of the structure mnd lattice
constants of pure rare earths, scandium and yttrium metals

are desirable,
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C. Equipment

For the structure determination of the rare sarth metals
a Debye~Scherrer camers, Welssenberg camers and an x-ray
diffractomster were employed, The Debye~8cherrer camera, ob=
tained from The North Amerlcan Phillips Company, had a dia=
maeter of llé,ﬁ% mme & Noreleo Gelger ngunt@r diffractometer
unit was uszed to obtain the diffraction patterns of bulk
gpecimens of the more easlily oxidized metals. This cemera is
based on the Seeman-Bohlin principle where the x=-ray source,
sample and receiving sllts of the Geiger counter all lié on
the circumference of a varlable dlameter circle., When single
erystals were avallable a Welssenberg camera of 857.3 mm.
‘ﬁiamatar, obtained from the Charles Supper Company, was used

in thelr investigatlion.

Once the structures were obtained, a Norslco symmetrical
focusing pr&eiainn‘ba@k reflection camera of l@icm. diameter
was used to thain patterns for accurate lattice constant
aetermimaﬁianﬁ. This camera was checked far acecuracy by
using 1t to determine the lattlce constant of notassium

ehloride bsfore studying the rare earths.

In all cases copper radiation flltered with nickel foll
was used In annj&nctiwn with a Horth American Phillips basle

x-ray diffraction unit,

Kodak no~screen x-ray fllm was employed with the Debye-
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SBcherrer camera and Ilford high speed industrlial film was
usaed with the Welssenberg and back reflection cameras, The
recommended film developing and fixing procedures using
General Electric chemicals were followed to mainbtaln uni-

farmity»

To measure the diffraction lines on the film a General
Eleetric Illuminator, Model 5-17, with vernier scale was
employed., This device reportedly allowe line positions to
be read to one-twentieth milllmeter on a millimeter scale

42 centimeters long.

Hieroscopic examinations of all bulk and distilled
samples were made and photomierographs were obtained with an

American Optlical Hetallograph, MHodel 2400,

’In order to thain pure metals free of tantalum and
atmospheric gases, 1t was found necessary to distill them in
& high vacuum., To do this the apparatus 1llustrated in
?igura 1 was éeaignaﬁ and successfully usad¢ Power for the
heating element was auﬁpliaé by a 10 kilowatt stepdown
transformer and the vacuum conditions were achieved with an
He 8. Martin mercury diffusion pump and a Welch mechaniocal

PUnpe

D, Prﬁegﬁure and Technlques

Samples in the form of metal filings were examined with



Pigs 1 High vacuum metal distillation furnace.

Ae
Ba
Ge

F.
e
He

I.

Tapered connectlion to mercury diffusion pump
Sightglass hole |

Vacuum seals made with six inch diameter
neoprene "0" rings

Water cooled condensing cylinder support

Tantalum eylinder on which the metal ls
condensed

Water cooled copper electrodes; vacuum
sealed and electrlcally insulated with
neoprene "O" rings

Tantalum heating element with tantalum
distillation bucket

Water cooled five inch diameter copper
eylinder

Water cooled brass {langes
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the 114.59 mm, 41 ameter powder camera, After aﬁtainﬁmg
filings which passed through a 200 mesh screen a small, thine-
walled nyrex caplillary was filled with them and the metal
then amnealed in high vacuum at about 300°C, for one to three
hours. In some cases powdersd potassium chlorlide was added
to the fllings and used ag an internal standard, however,
since more preclse lattia@ parameters were obtained by a
ﬁiffarant technique this practice was not followed in all
cases. The annealing procedure allowed adequate reliefl of
stresses in the filings and yet did not result in excessive
grain growth. With these samples sharp dlffractlion patterns
could be obtalned in which resolution of the alpha;, alphag
radiation occurred in the reglon of SG“Q « An exposure tlme
of approximately 10-11 hours was found necessary to obtaln
the back‘raflﬁutian lines. The vernler scale illuminator
wes used to messure the line positiona., This powder cawera
and procedure was used with all mebtals except lanthanum,

cerium, praseodymium and neodymlum.

To obtaln the diffractlon patterns of the four remaining
elements the Horeleo diffractome ter unit was employed. With
this unit bulk specimens (w@ieh can be more easlly protected
from the atmosphers) were investigated. The samples of
lanthanum, e&rium,%prasemﬁymium and neodymium were the same
specimens whose electrical resistivity variations were

studied, and which sre considered in a later section. To



prepare the diffraction saumples the metals were mounted in
bakalit@, polished and then etched to gzive a flat, bright
metalllc surface of approximately two square centimeters area.
After applying a thin coat of Krylon (plastic) as protection
from oxidation, the specimens were examined in the diffrac-
tion reglon 20°-160° 26, The patterns were automatically
recorded on a Brown recorder strip chart from which the

angles of the diffraction peaks could easily be determined.
Prior to the study of these metals the diffractometer was

alligned and callbrated using & silicon standard.

Once the diffraction patterns were obtalned, either in
film or chart form; their calculated sin® @ values were
compared with those calculated from previously reported
lattice parameters. In thils manner the appropriate Miller
indices could be assigned to the proper reflections, and
more sultable lattice constants éould then be calculated.
Irregularities appesred when this procedure was applied to
lanthanum, neodymlum and praseodymium, therefore, Bunn charts
were employed to obtaln the correct structure, approximate
axial ratlo and the proper Miller indices. From thls ine

formation the correct lattlce parameters were calculated,

Although the above procedures gave diffraction patterna
of yttrium, scandlum and the rare earths from which relatively

accurate lattlice constants could be obtalned, gresater accuracy
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was desired for the study of the individual nature of these
metals and for future use in thelr alloy study. A symmetri-
cal facuaing baek reflection camera was employed bto accom=~
plish this, Samples of gadolinium, neodymium, praseodymium
and cerium in the form of slabs having the approximate dimen-
sions 3/4 inch by 1 inech by 1/38-1/16 inch, were shaped to
the curvature of the camera by pressing in molds whiech had
the same radius of curvabure as the camera's film holder.
After forming, the samples were annealed in high vacuum
(approximately 10°8 mm. mercury) at about 300°C. for one to
two hours. If dlscoloration occurred they were etched with
@ 5 per cent concentrated nltric acid-water solution and

rinsed with absolute aiemhnl.

Specimens of the remalining metals were prepared by
distillation and subsequent condensation in high vacuum.
Small quantities (1-2 grams) of the varlous metals were
placed in tantalum buckets and veporized with the apparatus
shown In Flgure 1. An optical pyrometer was used to deter
mine the wvery approximaste temperature of the specimens and the
pressure {luctuation of the system was used aa a measure of
the degree of vaporlgation occurring. 8ince the rare earths
and yttrium are extremsly good getters for atmospheric gases
a rather sudden decrease in presgsure oceurred whan apprecliable
quantities of metal began distilling. From a knowledge of

the vaper pressure of some of the rare earth metals a very
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spproximate vapor pressure of 1~2 mm, merocury was estimated
for the metals at the temperature at which the pressure
dropped suddenly. In every case the pressure within the
system dropped f{rom approximately 1 x pﬁam mm. to 5 x 1077 mm.
mercury withlin one to two minutez after the pressure began
decreasing. amzmww% 20 or 30 minutes was suffleient time
to obtain a sultable diffraction aaaﬁw@.wﬁ_wwa metal was
held at a btemperatwre approximately moa;weaaa; above 1ts
appreciable vaporization temperature. The distilled metal
condensed on elther the tantalum awwwﬁﬁew &@wa surrounding
the upper 1lip of the ﬁ@wwwwmﬁ erucible or on the tantalum
baffles spaced within the eylinder. Since the thlclkness of
the tantalum was only .O028 inches and the condensed metal
was estimated at approximately .001~,002 inches thick, the
samples could easlly be formed to the radius of the back
reflection camera by means of the sample holder bullt into

the camera.

An internal gtandard sw 200 mesh ﬁawwwmwga chloride was
uged ﬁw«ﬁ cerium, ytterbium, praseodymium, neodymium, gado-
iinium, dysprosium and erbium. The salt was uniformly
screened onto the surface of the metal to which a thin
coating of collodion had been freshly applied. The standard
was necessary in order to &@w@ﬁawﬁ@ their H@ﬁwwam parameters

by a method devised by Thewlis which is deseribed later.

High speed 1lford x-~ray film was used with the back
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Tound in most crystalleographlic textbooks, while Thewlls!

method has not yet been widely accepted,

I Cohen's®® method errors in theta due %o shrinkage,
ecoentricity and sbsorption are accounted for by an analyti-
cal expression obtained dy a Taylor's expanslion of Bragg's
law:

Jv\)\ = 24 gin 6 ,

For the hexagonal system, when using a symmetric back
reflection camera, the correct error equation is:

A Aot ¥ Co+ & Dy = 8in® & (1)

where A s 12 + hk + k°

¥ = 13 Aaw"ﬁ’ "2‘?-5"
48

§ = 10 (P sin® %‘C{) | Co # NB/Be®

CP-& 90° -~ © Dy = oxp. drift constant
of error

Only three such equations are necessary to obtain a
solution of A,, C, and Dy, h@er, the r andom errors of
measurement can be minimized by applying a least squares
treatment to equation (1). The equations resulting from

such treatment ares
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Again only three equatlons are required for solution,
however, the mors reflections avallsble the more reliable the

results,

Thﬁwlis*g? method requires prior correction of the usual
errors by the additlon of an internal stendard to the sample
studled, 1t is also necessary to assume an approximate valus
for the ay parameter, thus a previous knowlsdge of the

structure 1s necessary.

The basic equation used in Thawlisfﬁ7’taahniqua for the

hexagonal system is:

ok s o® 85 ¢ heri®) (afgs, S0 (@)
1

where a and ¢ are the lattice parameters and

# _ 1 :

2 _1 4 (b2« nie+ kB, 82
W . - hk :
aaba = 1§d§ = ( 12 ) Bggs.

§ ¥ s % (slope of plotted line)

o
assumed
i ) % C

Equation (2) can be derived directly from the geometry
of the hexsgonal unit cell arnd the assumption that the sgquare

of the error (9a¥) in the value of a¥,y. 1s small enough to
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be n&gi&aﬁad«

As can be observed from equation (2) a plot of e§§$¢

against iﬁ?-*;k2-+ n@) should result in & straight line

1 o . ,
whiech intersects the former axls at ¢*% and has a slope af'gk

aiwl Sa¥, PFrom a knowledge of these two wvalues the correct
L .

lat tice sonstants can be caloulated from the sultable equiitions.

A graphical extrapolation employlng a correction funetion
derived by Nelson and ﬁil&ygs
values for the lattlce constants of the cuble metals. This

waﬁ‘uaad o obitaln ascouraie

technique conalsts of plot ting the caleulated ay values
against 1 (cos®e o waﬁe } and extrapolating to S0°@ .
2 sine S

With thls method the high angle dif fractlon lines which con-

tain less error are welghted somewhat, and since all errcrs
theoretically vanish at 90° © , the lattlce parameters ob-

tained are qulte accurate.

The standard errors present In the lattlce parameters
reported were calculated by a method described by Jette and
Foote,2? '

2. Metallographic techniques

Photomlicrographs of the metals studled were obtalned
with a metallograph. The distilled samples were examined

directly with no pollsh or etch treatment, Because of the
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resctive nature of the rare earths 1t was sxceedingly dif-
ficult to obtain a well polished, cleun and characterlatic
surface on the bulk metals which would persist during the
time required for proper mlecroscopic examination. OF the
solutions tried as a sultable etchant, a & per cent concen=
trated nitrlec acidewater solution gave the best results for
lanthanum, cerium, praseodymium and neodymium although even
this solution left much to be desired. For the rare earths
of greater atomlc number a solutlon of 40 per cent concens
trated nitric acid, 60 per cent glaclial acetic acid proved
of greatest value as an etchant but thls, too, was of re=
latively poor quality. This etching solutlon could also be
used with praseodymium and neodymium, Mechanlcal polishing
wheels employing papers of 320, 500 and 600 grit and 2-8
micron grit dlamond compound used in conjunction with a lap
wheel were also employed in obtalning proper metallographlc

surfaces on the metals Ilnvestipated.

E, Results

l. Analysis of metals

In all cases the metals studlied were those prepared
by the Ames Laboratory from pure scandium, yttrium and rare
earth material obtained by lon exchange separation techniques.

Thulium, ytterblum and europium were prepared by reduction of
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the rare sarth oxlde with lanthenum metal and subsequently
distilled in high vacuum leaving a residue of lanthanum

oxide and some excess lanthanum, The remaining metals were
prepared by ealeium reduction of the fluoride in.an atmosphere
of hellum or argon. Excess calclum remaining in the metal
wag removed by vaporization from the molten metal in high
vacuum, In all cases, tantalum metal was used as the

crucible and condensing msterlial. Although there is some
attack of tantalum at high temperature by the metals in-
vestigated, this was remedied as described earller by vaporie

zlng the rare earth metals from it.

Spectrographic aéalyﬁig results ol the metals studied
are given in Table 8. Metallographlc examination of the
distilled metals revealed little, if any, presence of a

second phase.

Although some ﬁfﬂthﬁ metals are reported as contalning
considerable tantalum, 1% should be noted that the snalytical
samples were taken from the cast mebtal and 1t has been shown
that distlllation effectively eliminates this ilmpurity. The
vﬁporiaad metals Wﬁf& usually prepared in such small quanti-
ties that an analytical sample could not easily be obtained.
There was insufflclent europiun metal available for analysis,
however, 1t was yb@paraé from the oxide of sbout 98 per cent
purity, the chlef contaminant being gadolinium (approximately
1.3 per cent), This impurity should have been eliminated in
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Table 7 gives the meaning of the symbols used in Table

€.
Table 7. Codse for Table 6
Symbol , Meanlng
| < element not detected at stated detection limit
- elemant not detected
< 1&33 than
VoW, ~ very weak (less than .01%)
M. moderate (,01% to 1%)
VoS vary‘stromg (greater than 1%)

the subsequent distillation of the metal,

2. Diffractometer results

Bulk.aamples of lanthanum, cerium, praseodymium and
neodymium, prep&rea and examined by the technlques stated
sarlier, were investigated with the Noreleo diffractometer
unit, Cerium was found to have a f,c.c. structure while
the others were h.c.p., with ¢, axes approximately double
those previously reported, except for Ellingarlg and
Bahrendt'slg findings conoerning neodymium. The diffrace

tlon data for those metals are gilven in Table 8,

Since the recorded peaks of the « 1» < g copper radiation
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Table 8, Xeray diffractometer data for
Ce, La, Pr and Nd

hkl 9% ﬁpg 9% hkl ° o A
100 13,61 13,95 14,08 111 14.99
101 14.11 14.48 14.54 200 17.386
004 14,65 15.07 15,12 220 24,97
102 15,48 15,92 15.99 311 29,65
105 17,54 18.07 18,17 222 31,12
104 20,22 20,78 20,90 400 36,65
105 25,25 25,92 23,97 331 40,55
110 24,07 24,79 24,86 420 41,80
106 26,50 27,34 27.43 422 46.95
114 28,70 29,55 20,69 353 50,80
202 20,20 D 30,19 581 - 61.90
008 30 .40 31,52 e e 442 63,50
206 m——— 58440 38.58

109 R 39.85 39,45

211 ———— —— 40,25

212 59,45 — 40.95

118 40,80 41,89 42,09
1,0,10 42.41 43,95 44,13

216 ————— 48,80 48,80

304 48460 — 50.67
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wore not resolved, the welghted value of 1.5418 ﬁ‘was used

for the wavelength of the radiation in all necessary calcula-

tions. The ecalculated lattlce constants of the metals ine-

vestigated are glven in Table 9,

Table 9, Lattlce parameters of (e, La, Pr and N4
(Angstrom units)

_Element Ce La Pr _Nd

Structure fecec, heGepe heCGePe heCuPe
8, 5.17  3.78 5,68 3.66
co ——m- 12.20 11.86 11.82

ds« Debyve-Scherrer camera pssults

Metal filings of the remaining elements were obtained
from the reduced and cast mebals which in some cases con-
tained approximately 1 per cent tantalum, They were con-
“sidered of sufficlent purity, however, for atruétura deter~
minations and the evaluatlion of approximate lattlce para-
meters. Copper radiation was employed in all cases and the
techniques described previously were used to obtaln the

diffraction patterns of the respective metals,

Of the metals investigated scandlm, yttrium, gadolinium,
dysprosium, holmium, erblum, thulium and lutecium were found

to be hecep. while the structure of europium was b.c.c. and
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ytterblum exhibited a f.c.c. phase. These structures are in
agreement with those previously reported. Tables 10a and 10b
give the experimental data and Table 11 lists the approximate
lattice constants. Examples of the patterns obtalned from
the f.c.c., bscsc, and h.c.p. gtructures are reproduced in

Pigure 2,

4, Rare sarth single crystal results

Rotation and Welssenberg x~ray photographs were ob-
tained for a single crystal of dysprosium which was separated
from a masslve plece of distilled metal prepared in the Ames
Laboratory. FPFiltered copper radlation was employed and the

Welissenberg pattern obtained 1is reproduced in Figure 3.

The existent and absent reflections were found to
satlafy the space group Cg/mmc which requires:
a) hkl, all present
b) hhl, present only if 1 = 2n
¢) hhl, all present
d) hek = 3n, only if 1 = 2n.
There are two atoms in the hexagonal unlt cell which
oecupy the positions (1/3, 2/3, 1/4) and (2/3, 1/3, 3/4).
The lattlice parameters of the dysprosium unit cell were

calculated as a, = 3,57 ﬁ, Cy = 5.62 ﬁ.

A rotation pattern of a thullum single crystal was ob-

tained, but since 1t had the same symmetry as dysprosium no



Table 10a. X~ray diffraction data for rare aarths,

scandlum and yttrium

Tb

Gd Ho Er Tm Lu. Sc Y
hkl o & S 3% s s Y e ° %
100 14,18 14.29 14.36 14.386 14.44 14.54 14.68 15.48 14,06
002 15,44 15,60 15.83 15.84 15.94 16.05 16.04 16.89 18.53
101 16,16 16.26 16.41 16.43 16.55 16.65 18.76  17.71 16.18
102 21.21 £1.36 21.61 21.61 21.78 21.92 21.99  23.24 21.19
110 ‘ 25,15 25,39 25,40 25,58 25,76 25,86 27.54 24,90
103 27.94 28,20 28,54 28,58 28.76 23,98 29.00 30.73 27.98
200 ‘ ' 29,66 29,68 29.91 30.13 30,31 32.32 29,06
112 30,04 30.21 30.54 30,54 30,76 31.00 31,13 33.08 29,89
201 BD.46 30,60 30,89 30.83 31,153 31.%6 31.60  33.64 30.28
004 22,16 32,68 o 33,03 33.23 33,56 33,49 35,48 32,29
202 34,01 34,37 34,43 34,69 34.96 35,13 37.28 3%.69
104 ' 36.28 ‘ 37.10 37.43 37.33 30.75 35,95
203 39,15 38,43 39.89 39.88 40.28 40,59 40, 71 43,57 39,00
210 ‘ ' : ‘ 40,88 41,25 41.58 41,88 ' 29.98
211 41,31 41,56 41,97  41.50 42.31 42,70 42, 38 46.07 40,99
114 42.87 43,31 43.37 43,95 44,29 44,70 44,76 47,99 42,86
212 45.14 45.25 45.59 46,00 46,31 49,76 44,14
105 45,12 45.76 46,39 46.53 46.89 47.30 47.26 50,67 45,29
204 : 47.5% 47.84 48,30 48,41 '
300 48,03 48,41 48,85 49,31 46,81
213 49,40 49.88 50,44 50,99 51,50 51.81 56,07 49.86
302 51.35 51,66 52,17 52.33 52,76 53.30 £3.76 58,19 51,01
205 55,70 56,41 57.19 57.53 57.99 58.85 58,76 64,69 55,84
220 ‘ 59.64 60.40 81.13
222 63,97 64.23 64.89 65.80 66,73

6%
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Table 10b, X«ray diffraction data for rare earths,
ytterblum and suroplum

b Eu ao
bkl ° o hiel ° S (a)
111 14.11 110 13,713 4,695
200 16,33 200 19,575 4.802
220 23.40 211 24,200 4,608
311 27.76 220 28,250 4,607
228 29,09 310 31,950 4,607
400 34.18 2282 35,430 4,607
331 37.71 321 38,780 4,605
420 38,86 411 45,180 4,611
422 43,38 420 48,455 4.606
533 46,76 332 51.730 4,606
440 52.51 510 58,630 4.604
531 56,06
442 57,33
620 62,53
533 66,91
622 68,56

444 76,51
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Table 1l. Lattice parameters of rare sarths,
scandlum and yittrium

& 4

Element Strueture }
se haceps 3.35 5,30
r hecepe .86 85,77
Eu beCuCo 74‘696 -
Ga heGePs 3463 5.78
™ heceps 3,83 5.78
Dy hecsps 5.89 5.66
Ho NeCoPs 3.69 5.68
gr hecaps 3.57  B.6L
T ReCoDe 3.54 5.57
b fe0o0a 5.49 -
Lu ReCaPo 3,52 5,59
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Plg. 3 Welssenberg diffraction photograph
of dysprosium
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further investigation was made.

Unpublished work on single crystals of neodymium
{(Figwre 4) with & precession camera by Bﬁhr@nétlg of thils
laboratory, indlcate neodymlum also belongs to the space
group Cg/mme. This hexagonal unit cell contains four atoms
located at the positions {0, G,ﬁéi;?(ﬁ, o, 1/2), (2/3, 1/8,
1/4), (1/3, 2/3, 3/4); end the stacking arrangement is ABAC,
ABAC, eto. gmlimgarlg obtained simlilar results from powder

studies.

Since the metals investigated (@ysprosium, thulium and
neodymium) by single erystal techniques were considered
representative of the h&gagmnai &tructuras no athmr metals
wore examined. The diffraction reflections obtalned by the
- powdeyr study of the atha?'mﬁﬁaiﬁ 5h¢wga the same hexagonal

symmetry as the single erystal data,

5. Back reflection camers results

‘Prior to the investigation of the metals of interest
the pr@aiéian back rafl&etign camers was tested for accuracy
by determining the lattlce constant of potasslum chloride
and comparing it with the value reported by the Bureau of
Standards., To obtain a sharp diffraction pattern 1t was
found necessary to anneal the [inely pulverized salt (200

mesh) at approximately 800°¢. The lattice constant of the
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F‘ig. 4 Precession ciif‘i‘r&ctjian photograph
of nandymmm
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cublec material was evaluated by the extrapolation devised
by HNelson and Riley98 which succeeds in minimlzing all
errors as theta approaches 90° . Excellent agreement was
obtained between the experimaﬂtal (6,2932 X) and reported
(6.2931 %) values for the potassium chloride lattice para-

meter,

Por the back reflection study of scandium, yttrium and
the rare earths, both bulk and distilled samples were used
as descrlibed earller, IDxamples of the dif fraction patterns
obtained are lllustrated in Figure &, To compare CQh@ﬂ'EQﬁ
and Thewlls'2” methods of determining lattice constants, the
paraneters of praseodymium, neodymium, gadolinlum, dysprosium
and erblum were determined by obth techniques. Only Cohen's
method of evaluation waé used for the remalning hexagonal
metals, while the graphical extrapolation of Nelson and
Hil@yﬁa was used to determine the single parameter of the
cuble metals. Copper radiation was amplay@d with the values
of 1.5405 X and 1.5443 g taken as the wavelengths of copper
K 1s and copper K 5, respectively., The diffraction data are
given in Tables 1l2a and 12b and Flgure 6 illustrates Nelson
and Riley's method of determining lat tice cénstants. 8ince
insufficlent europlium metal was available for a back reflscw

tlon sample no precise determinatlion of 1ts parameters was

mado.,

The lattlce constants of the metals investigated and the



Photographs; A.

Pig. & Back reflection diffraction
Eroium (DeCeDe), Be Ytterbium (f.c.c.} plus potassium chloride

83



Tabls 12a. X-ray back reflection data for ths rare Earths,
scandium and yttrium -« interplaner spacings {

Pr__ N4 mel  ad To Dy  Ho _Er ™ Lu
.89112 .88856 214 - : :  L,B88961
e 214 ‘ X ” - © .BB9E5

.88435 220 .80093  .88465 87627
" 220 ' .89005  .88470 87615
.87495 - e © .86582 .85503  .84984 ,84178
S 10 .Bes72 : 88506 © .B4377 .84169
.86893 .06634 822 .85509  ,85240 84796 < 84287 83545
.86883 ,86628 222 | | .B5589°  ,B58BY cmmmm=  smemem cmmmae
.65886 311 85589 .8528¢  .B4960 .8451%  ,84009 .83210
| L8530 311 .85585 ,85290 .84954 84508 = .84004 83209
84336 304 .84017 | . .82781  .02284
e 304 . 84008 | mmmmee L B2277
.81714 .81461 116 .85134 83395  .82945
.81707 .8145¢ 116 .8518% . .B3399 - .B2947 | ‘
L80170 .79905 312 .82814 .62500 .82175 .81750 .B1259 .80540
L8019  emem-we 312 .B2804 .82503 .82168 .B1l745  .B81258 .80531

L780085 ,78756 21§ ,82925 .81940 ,B81461 ,81074 .80657
» 79013 -w=~~= 215 ,.82915 .B81830 .81454  .81074 .80681

206 .82178 79703
206 .82177 | | .79702
213 .79543 .78407 78095
213 79548 .78405  ,78091
107 .79897 78720 . 77663

107 L79883 78714 . 7TEBL

&g



Table 18b, X-ray back reflectlon data for
yttrium - interplanar spacings

(gandium and

Kkl Ce Yo mel  Se hil ¥

442  .B6074 115 ,88314 222 87005
a2 86058 115 ,86310 222 ,86997
620  .81635 86839 220  .B2753 116  .84675
620  .51635  .86825 220  ,82749 116 84670
535 .78704  .83712 310 79405 215  ,82739
622 77812 .09756 228 78939 515 .79674
622  w-m---  ,B2753 222 78957 813 .79660
444 79202 811 L78599 107  ,79262
444 79202 311 78594 107  ,79260
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standard errors Iincluded in the parameters as calculated

by the method of Jette and Foote®? are glven in Table 13.

For each element the density, mole~atomiec volume,
metallic radil and axial ratio (where appropriate) were
calculated from the experimental unit cell dimensions and
are tabulated in Table 14, The above propertles were ob-

tained from the following equations.

mv, Unit cell volume = @w {eubie)

= zﬂn«.\m o Q.MW hww. Q»mu:w

b} Density » (At. Wt.) (No. atoms/unit call)
-~ TA&vopodros HoeJ (UALE cell VOlas)

¢) Atomiec volume = At. Wt.
ensivy

d) Metallic radii (Co-ordination number (C.N.) = 18)

= 8. mﬁ.t‘ﬁiﬁ:v

alz

mﬁcwm‘ = mv 2 h@ & :mnn..t@ov

(C.Ne 2 12) = a/2 {in h.c.p. basal plane)

ﬁ.“mn\ﬁ .w;aw\ﬁ (along ¢, axis)

]

%ww\ﬁ + ¢2/1¢ (along ¢,
2 axls for La,
¥d, and Pr
only)

H
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Table 13, Lattlice constants of scandlum, ytitrium
and the rare earth metals

L&ttiag‘amnaﬁanta Standard error

Crystal (&) (K)
Element structure By Co 29 _%o
sSe hecep. 3.3090 5.273%  .0001L 0018
Y h.c.p. 3.6474  5,7306  ,0007  .0008
La hecope 5.770 12,159 .002 +008
Ce facec, 5.1612 - L0008 -
Pr h.ceps 3.6725  11.8354  .0007 .00l
Nd heeope  B3.6579 11,7992  .0003  .0005
Sm® rhom=h.c.ps  5.681 26,25 e
Bu bec.ce 4.606 e 001 -
ad BeCuDe 3.6360  5,7826  ,0009 L0006
T hac.pe 8.6010 5,6936  .0003  ,0002
Dy h.c.pe 3,5903 5,6475 L0001  ,0002
Ho heceps 3.5773 5.,6158 L0001  ,0002
Er hecepe - 545588 5.5874  ,0003  ,0003
Im heCaDe 3.8376 - 5,bb46 0001 .0004
43 ficec, 5.4862 SR (0004  -e--m

Ta he CePs - 5.5051 5JEEQD +0004 « 0004

8Values reported by Daane, Hundle, Smith and ﬁpadding.sa
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Table 14. {Continued)

- Mols at.  Metallic radii ()
: ' Dansi vol,

Element Structure ;eq/ﬁe | igt{bmfg) ,{egwa} | 3 _ b
Er hec.p. 1.570 9,088 18,458 1.7794  1.7340
Tm Het.pPa 1.570 9.318 18.131 1.7688  1.7237
o f.c.ca oy 6,959 24,867 1.9397 oo
Tu HeCuDe 1.585 9.849 17.768 1.7516  1.7171
Se h.C.De 1.594 2.995 15,061 1.6645  1.6280
Y Becape 1.571 4,472 19.886 1.8237  1.7780

&Radii saic#létsé frem:atamg in basal plane

bradii between layers

99
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The information obtained from this study can be more
easily correlated when observed in graphical form as is
illustrated in Figures 7, 8, 9, 10 and 11 which show the
respective variation of mole~atomiec volume, density, axlal
ratio, metallic radii and ewverage metallic radil with atomie

mumber .

Table 15 pives the results of a brief investigation
¢oncernlng the effect of vantalum on the lattice parameters

of dymprmaiﬁm and erblum.

The lattice parameters of praseodymium, neodymium, gado=
linium and dysprosium as determined by both Cohent's®® and
Thewlis'gV methods are compared in Table 18,

A very crude indication of the relatlve vapor pressures
of the wmetals distilled were obtained by noting the temperaw
tures at which the pressure on the distillation apparatus
decreased suddenly as was described aarli&rn Tha‘t@mparaturw
at which the metals have an estimated vapor pressure of 1.2 mm.

are given in Table 17.

6, Mestallographic results

Samples of distllled erbium, yttrium and holmium were
examined mieroscopleally to obtain informatlon concerning

the condensed metal surface and to observe the presence of
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Table 186, Lattlece parameters of dysprosium and erblum

of diffesrent tantalum content

Element _ F@r%:&ant {%? (_§? A(E? ‘ A(gg
Dy 14 3,6985 5.6538
Dy . distilled 5.5005  5.8475  ,0022  ,0063
Br 1% 3.5692 b.86942
Er distilled 6.5874 0004 0068

5,5588

Table 18, Comparison of lattice parameters determined

by Cohients and Thewlis' techniques

Lattice Parameters (R)

Element Azis _Cohen's _ Thewlls'
Pr 8, 5.6725 3.6728
e 11,8854 11,8852

na 8, 5.6579 5,6591
co 11,7992 11,8003
ad 8y 3.6360 3.6344
¢q 5.7826 5.7817
Dy o 3.5925 5.5918
co 5.6538 5.6537
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Table 17. Approximate temperatures where vaporized metals
achleve a vapor pressure of 1«8 mm. Hg

*X‘amg) . Tgwp.

Element 0g, , Element .
La 1850 Er 1500
b 1670 - Tm 1825
Dy 1500  Lu 1800
Ho 1600 Y - 1750

impurity phases, if existanty The metals studied were con-
denged on bantaium cylinder @&113 which had a temperature
gradient estimated as d7/dl w 400°C./inch, Figure 12 shows
unpolished and unetched holmlum metal as it condensed on
various regimns of the cylinder wall, MWetallogrsphle photo=
graphs obtained from untreated distllled yttrium are given in
Figure 13. To obtaln a better understanding of the geomet-
rically stralght lines apparent within individusl gréina~of
the metal, a distilled sample of arﬁium was @xaminﬁé’bath
before and after polishing and ateﬁing, the r@sults‘éﬁing
gilven in Pigure 14. Dlamond compound was used with a lap
wheel as the final polish and the etchant employed was =
golution cmntainingkéﬁ per s@nt nitric acld and 60 pér cent
acetic acid. As can be observed, t%ﬁ lines p@rﬁishaﬁ aven

~after the polish and etch treatment.



Pig. 12 Holmium metal condensed bantalum oylinder

walls at various temperatures (200X).

A,

B.
Ce
D.

Tantalum-holmium interface; hctteatvragion
of condensation

Colder region of condensation
3%1i1l colder region of condensation

Coldest reglon of condensation; well defined
cryatals
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Fige 13 Yttrium metal condensed on tantalum (200X)
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A+ As condensed

Pige 14 Erbium metal condensed on tantalum (200X)
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Fa Discussion

l. Structure determination

Little ﬂissuas&bﬁ of the diffractometer, Weilssenberg
and Debye-Scherrer camera results is necessary since in most
cagses the atéuatur@a found were those sxpected, It should
be noted that thls work verifies the structures previously
reported for scandium, yttrium and the rere earths, with the
exception of lanthanum, praseodymlium and neodymium, the
latter being conslstent with the structure type found recently
by Ellingerl8 and Behrendt.1® These three metals were found

to be hec.ps having ¢g axes twlce the values reported earller.

Yone of the earlier work on lanthanum, cerlum, praseo=
dymium and neodymium was performed with bulk metal specimens,
The use of filings suggests several reasons why there have
been amnflictim@ reports concerning the true structure of
these elements, particularly with lanthanum and cerium.
These two metals are exceedingly reactive in air and even
though precautions are taken to prevent their contamination
such action is certainly a possibility. Both lanthanum
nitride end lanthanum hydride are f.c.c. and have lattice
params ters aimilar to that reported for the f.c.c. structure ;
of lanthanum., Similar correspondence is true of cerium also.
Another explanation 1s that the atrains‘praducad by filing

may possibly induce a transformation to the fatece modification,
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2, FPrecise lattice paramebers

Interesting comparisons can be made among scandlum,
yitrium and the rare earth metals for several properties
ealculated from the acourabte lattlice constants of the elew

menb i

A relatively stralght line can be drawn elong the rare
sarth serles in the mole~abtomle volume ves. atomic number
plot (Flgure 7) except for the expected éiacantinuiti@aiﬁua
to different structure types. Lanthanum and gadglinium,
however, are notleeably displaced from this line., The value
for yotrium if displasced along the abelass would fall just

after samarius.

&ésumimg the atoms exlst as hard spheres in the h.cps
system the calculated axial ratio for this structure is 1.633,
Filgure 9 shows that the a@/aﬂ ratios of the h.c.p. metals
studied all fall below this value, larthanum, praseodymium,
neodymium and ssmarium making the closest approach to 1it,

The vaviaﬁimn In axial ratlio from gadolinium to lutecium

results in & U ghaped curve with & rather flat minimum.

The plot of metallic radii ves, atomlc number (Figure 10)
imiicét% that the bonds between mami atoms located In the
hexagonal layers are weaker than the bonds bebween layers.
These metals should, therefore, sxhibit direction sensitive

properties such as thermal expansion, electrical resistivity,
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compressibllity and strength characteristices. S8ingle crystal
investigations of thesge propertles would be interesting.
Definite devliatlons are apparentwlth lanthanum, gadelinium
and luteclum in the plot relating the radll calculated for
the atoms lying along the ¢, axls, whlle prasecdymium, neo-
dymium and samariuwn show deviations in the plot involving

the metallic radil calculated from the 8g value alone.

Undoubtedly the lanthanide contraction accounts for the
unifeorm variation in density, mole~atomlec volume and average
metallic radil of the cloments gtudied, but the individual
radli and axial ratio relationghips cannot be interpreted
satisfactorily, It is Interesting to note that lanthanum,
gadolinium and luteclum have umfillad, half-filled or filled
4f shells respectively. It is possible that the spherical
symmetry resulting from such electronlc configuratlons may
be responsible for thelr different behavior. The fact that
h.c.p. lanthanum, gadolinium and lutecium have axial ratlos
less than 1,633 suggests the possibility that the Bd and 6s
shells 1nflu@nca the symmatry of the metal atoms. The evi-
dence avallable to date, however, does not permit the
paatulatign of a complétely valid interpretation of the data

rresented,

To obtaln a rough indication of the Influence of

tantalum on the lattice parameters of the rare earth metals,
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back reflection x~ray diffractlion patterns were obtalned

for samples of dysproslum and erbium known to conbtain approxi-
mately 1 per cent e%mwﬁwgﬁ*v The parsmeters calculated by the
previously mentioned techniques are compared in Table 15, It
would appesr that the tamtalum in solid solubtlon preferenw
tilally positions itgelf wa as to sxert greater Influence on
the ¢q 49#§m& than on the a, parameters of the rare earths.
However, a more detalled study would be necessary to defliw

ﬁwwmww determine thelr exact behavior,

S, Evaluablon of parameber calculation technlques

Values of the lattice parameters of praseodymium, neo-
dymium, gadolinium, dysprosium and erblum obtained from
calculations using maﬁ&ﬁqmmm and %waﬁp»m.mq methods are given
in Table 16.

The apparent advantages and dlsadvantages of Thewlis!
evaluation of data are:

1. Somewhat less time required for the determina-
tion of the labtice constants,

2. Hrrors in line measurement and assizment of
incorrect Miller indices to the various re~
flectlons are readily apparent.

3« An internal standard must be used whose dif-
fraction lines may coinelde with some of those
of the materlal of interest,

4, Correctlons as determined from the standard may
not be linear along the film where interpola-
tions are made.
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There is a slight difference in the elflectlive
camera radil between tho metal sample and the
thin layer of potassium chloride standard
which leads to slightly inaccurates corrections.

Although the latilce parameter calculated

from the graphical intercept 1s consldered
aceurate the valus caloulated from the slope
is relatively insensibive when reflectlions
having low h and k values are used in the plot.

No weight is glven to the high angle reflec-
tions whieh contain less error,

ﬁﬁ method are:

chasracteriatics lnherent in Gah&m’a
Fo internsl standard is requlred; the errors
due to sccentrlceity, shrinkage and radius
discrepancies are accounted for in the analy-
tlcal extrapolation itself.

A" least squares refinement of the data is
employed to minimize the random errors of
measurement.

1t is necessary to have a definlte knowledge
of the Miller indices of the reflections used
in the caleulations, sines errors are not
readily apparent in this method.

The caleulations are somewhat cumbersome arnd
time consuming.

The more accurate high angle reflections are
not welghted,

In view of the above avaluatiwna of the two methods

daaeribad earlier 1t 12 the opinion ef the author that

Cohen's technique 18 to be preferred,

4. MNetellographic observation

The

gtraight lines apparent within the grains in the
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photomierograrhs may be explained as belng due to siip,
twinning, or both, within the metal., If they are slip lines
they should most likely vanish after polishing whersas twin
lines would persist after such treatment. Figure 14 thus
glves strong evidence for the exlstence of twinning. When
erystals have a definite orientation in common at thelr
junection they are sald %o be twinned; this phenomena can be
induced by deformation or certsln grain g@mwth‘eonditimns,
both of which are likely in ths rare earths prepared in the
previously mentioned manner, The former mechanism results
in Neumann bands, an 1llustration of which given by Barrett
80, Pe377 13 quite similar to the lines present in Figures
12, 13 and 14. It is also interesting to note that the
acute angles formed by these straight lines are of a fairly

constant value ranging from about 69° to 76°,

Une can explain the &alativaly rough background of the
photomiorographs as being due to non~uniform condensation of
the metal deposit., Figuré 12 illustrates the increasingly
irregular metal surface as the metal is condensed on the

golder reglons of the tantalum cylinder.

The small dots in the photomlerographs cannot be satis=
factorily axplain@é, Microscope examinations show that they
are projections from the metal surface as evidencad by the

shadows cast when low angle illumination was employed. One
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axplanaﬁian is, of course; that they are a result of im-
puritles. This, however, is not too probable since they

were distilled in a vacuum of the order of 1-5 x 10*7 mme Hge
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I1I. ELECTRICAL RESISTIVITY AND ANOMALOUS BEHAVIOR OF
&AHT%&R%%, CERIUM, PRASBHODYMIUM AND NEODYNIUM
ABOVE ROOM TEMPERATURE

A. Introfiuction

In order to help elarify the confused literature as con-
cerns the reglons of stabllity of the reported phases for the
light rare esrth metals, namely lanbhanum, cerium, prassos
dymium and neodymlum, the transformatlons oceurring in these
elements above room meémﬁum were investigated. Little
information 1s avallable concerning these transitions, and
what evidence there 1s must be congl dersd with reserved

Judgment because of the ;zwy of the metals employed.

There are several experimental technlques useful for
the study of phase transgitions, for example, thermal analysis
(cooling curves and heat capacity), dilatometric analysis,
electrical resistivity varlations with temperature, and
high temperatwe x-ray diffraction analysls, After a con=
glderation of the advantages and disadvantages of each method
the eleectrical resistance technicuie was adopted., This belng
a null method, the effects of the polentlal leads are elimie
nated and errors due te galvenometer deflection readings are
minimized, Also, since J‘am@ﬁlﬁ} of this laboratory had in-
vestigated the resistivity of Mm’mmm; cerium, praseodymlium

and nﬁﬁdymium a8 a function of temperature from room tempera-
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metals above room temperature will be dlscussed at length
but the low temperature results will be mentloned but

briefly.

1. BRoom tempersture electrical resistivity

(a) Leanthanum. E@n@@iaka;ﬁg in 1818, first reported
the r&ai&tivityuaf 1anthanum as 59,5 x 10™% ohm. em. at
180G, Bridgmsn,®® in 1921, determined the resistivity (@)
of lanthanum es Cw 59 x lﬂ“6 ohm,.. em. at room temperature.
The sample was in the form of an extruded wire and contalined
10-20 per cent magnesium and considerable silleons In 198?;
agaln using an extruded wire but of greater purity, Eridgmamﬁé
found its value to be € 57,6 x 10™% ohm, om. at 0°C.
Helennan, Allen and ﬁilhalm*ﬁg in 1930, studying the elecw
triecal conductivity of several metals at low temperatures
found for the ratlio of the resistance at any temperature
(R) to that at 0°C, (R ), the values R/R, = .520 at 1.9°K.
and R/R, s 1.040 at 300°K. for what was described as a pure
sample of lanthanum. James,l® in 1952, using both cast and
extruded samples found the resistivity value of lanthanum at
300%K. to vary between 64,6 x 10~ and 100 x 1076 ohm. cm.
The irun content of the apeclmens varled from 4200 p.p.m.
to 85,5 PePeme and the samples were found to exlst as a
mizture of Lycecs and hetepe gha%aa'with a small amount of

lanthamm oxlde being present. The wide variation in re~
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slativity values was explained as possibly being due to
purity differences, crystal alllgoment on extrusion or bew
cause of the pressnce of varying smounts of the two possible

erystal structures.

(b) Cerium, Benedicks,”® in 1915, reported the resis-
tivity of cerium as 78 x 106 ohm, om. end later in 191792
gave 1t as 75 x 10™® ohm. em. at 18°¢, Bridgmen®? in his
l‘&ﬁ%’?ﬁrtial& rwg}mrtad the resistivity of an sxztruded cerium
sample a8 C 2 74.8 x 108 omm. em, at 30°¢, MclLennan,
Allen and Wilhelm®® gave for the resistance ratlos of "pure"
cerium the values B/R, z ,535 at 1;9"?{. and R/Ry = 1.025 at
300°K, deHass and Voogd,®’ in 1932, found for this same
ratio the value of R/R, g .697 at 1.43%K, for cerium.

Pour aa\amplm of cerium both cast and extruded, were
studied by James*C in 1952 and varied in iron content from
BYL pepema to 2635 Pepsmis All were ammealed 12 hours at
600°C. but were cooled at different rates. It was found
that both f.c.c. and h,e.p. phases mwzmm; the latter
increasing with successive cyeling betwsen room temperature
and 40°K. The lowest valus of the resistivity at 300°%,
was about 81 x 10”5 ohm. om. '

(¢) Praseodymium. In 1815 and 1917 Benedicks s 56 re.

pcrtmd the resistivity of praseodymium as 88 x m*ﬁ ohm, om,

at 18°C. The electrical resistlvity of an extruded wire of
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99,7 per cent pure praseodymium having an unknown structure
was found by Eri&gman,wé in 1927, to have the value of €

» 69 x 10"€ ohm. om. at 5&“6* Jamesi©

smployed an armesled,
cast sample of praseodymium for her 1aw temperature resis~. .
tance study whose iron content was 315 p.p.m. After the
third series of measurements the specimen was found to be
75 per cent h.c.p. and 25 per cent f.c.c. with some oxide
being present. This metal was found to have € = 76 x 1078

ohme om, a8 its lowest value at ﬁﬁaﬁﬁ.

(a) Neodymium. Benedicks®®s 38 (1915 anda 1917) also
was the flrat to report the resistivity of n@adymiumg He
found it to have the valus of 79 x 10”% ohm. em. at 189C.
but added that this value was somewhat unreliable due to an
inhomogeneous sample. Brmgm:m,ﬁg in 19}21, reported the value
of € = 107 x 10”6 ohm. cm. for the resistivity of an ex=
truded sample of neodymium contalning a lerge mount of
magnaﬁium‘amd consideranle silicon, Jameg, in 1@5&; found
the resistivity of an annealed, cast specimen of neodymlium
to be spproximately 72 x 10”C ohm. cm. at 300%K, This
material existed exclusively as the h.c.p. structure with a

small amount of oxide belng present,

2. Allotropiec phase transformations

(2) Lanthanum, Jaeger, Bottema and Rosenbokm®® stud Led

the specific heat and electrical resistance of lanthanum over
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the temperature rance -170° to 720°¢, Impurities in the
98,8 per cent lanthanum sample conslisted of one per cent
iron and traces of earbon, silicon, aluminum and megnesium,
The graphleal representation of results Indicates axmmﬁliga
oeourring st 420°-426°¢C,, ﬁ%@aﬂ, and 709%-715%¢,, however,
no statement of the phases existing at these temperastures
1s given, Prelimimary hesting to 700°0. completely altered
the shape of the reslstance~temperature curve. This was
attribubed to a complete change of "inner structure” of the
metal. Anomalies in the speeiflic heat~temperature curve
occurred at 548°, 655° and 709°C, and were found to be
independent eof previous heating but were lowered somewhat
on cooling. In this study of lanthanum, cerlum and neo-
dymium it was concluded that all exhibit four reversible
allotrople states and that the "inner state" of these metals
was complicated and varied with temperature, thﬂgﬁﬁ$ta at

any one temperature being a mixbture of two or more phases.

@rwmba?g in 1934, noted an asnomaly in the magnetlc
amae&pﬁability behavior of lantharum, contalining .05 per cent
silicon and .08~,008 per cent iéun, at ayproximately 110°K,
In the 1943 dilatometric studies of Trombe and Faax@a on
99.2 per cent lanthenum & transformation between 425%«800°K,
was indieated by a .19 per cent contraction in volume. The
investigation was yarfsrm@ﬁ in an atmosphere of argon f{rom

room temperature to Qgﬁgﬁg, however, the sample began to
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eollapse between 650° and 926°K, The results indicated an
alpha state from 780-425°K,, a beta state above 685°K,., and
coexistence of the two phases between 425°% and 625°K.

¥ Bridgmsn, %t in 1948, investigating the compressibility
of lanthanum of unstated purity, found a transition at 23,400
kg./em,® indicated by a volume change of .26 per cent.

The lanthanumemagnesium phase dlagram rapmrtad by Vogel
and Heumann® in 1947 indicates a transformation in pure
lanthanum at about 830°C. which decresses in temperature to
530°C, at 6.3 per cent magnesium. The melting point of
lanthanum 1s glven as 915°C. This transition was belleved
due to a third allotropie modification in addition to the

fecac. and hec.pe phases.

waaﬁanhauaan,gﬁ in 1952, investigated the lanthanum~
sodium and lanthanum~caleium systems by thermal analysis.
The "contaminated" lanthanum melted at 863°C. and a second

arrest was noted at 812°C,

In 1954 Vogel and Kl@se4é'studis& the éariumélanthanum
system., The cooling curve of'gv per cent lanthanum, cone
taining i.é ger cent iron, 3 per cent silicon and «3 per cent
magnesium indicated 865°C. as the melting point of the metal
énﬁ showed a transformation cceurring at 775°¢. An indefinite
break in the curve was observed at approximately 300°-350°¢,

and was belleved due to the h.c.pe =~ fecece transition.
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8pedd ing and ﬁ&ana,45 in a 1854 review of the rare earth
metals, reported the possible exlstence of a phase transfor-
mabion ocourring at 8&699¢ ag determined by cooling curve

studies of the metal.

{b) Cerium. Cerium has been found to exhibit anomalous
behavior at low temperatures and un&ér high pressures which
has been explained as being due to the shifting of a 4f
electron into the 54 shell, This phase transition results
in an appreciable decrease in the size of the f.c.c. unit

cell,

Hanaman, 46 in 1915, first noted a discontinulty In the
cooling curve of 96.7 per cent cerium at 490°C. and Vogel,47
in 1917, ﬁﬁ%ét&mti&@%ﬁ this finding by observing a similar
phenomenon at 497°0. in the cooling curve of a —

magnesium alloy (9%.5 per cent cerium).

Jaeger, Bottema and Eaaamhmhm,ag in 1838, investigated

the allotropic behavior of 98.8 psr cent cerium found to
contain one per cent ilron and traces of sllicon, carbon,
aluminum and magnesium. Reproduscible results could be
obtained only 1f the metal was heated above 5009-5400C,
The graphleal results indlcate the exlstence of three modifi-
cations up to Eﬁﬁaﬁ., B (heceps), ¥ (focees) and$ (unknown) .
The ¥ form exists between 393° and 440°C., and the § phase
above 440°C. Differentisl heat capaclty sbtudies revealed



92

transitlions at approximately 362°C, and 50$g6., the former
value being lrreproduclble and dependent on previous heat

treatmsnt.

Trombe and Foax,40 in 1943, found the dilatometric
study of ©9.6 per cent cerium to be qulite complex, the metal
exhibiting three states. The ¥ state exlisted at high
temperatures (above 500°%C.) and was preserved by rapld cool-
ing to room temperature; the o state could be obtained from
the ¥ state at low temperatures and was charscterized by a
strong volume contraction., Slow cooling from the ¥ state
ylelded the B form, the latter belng nnﬁblﬁ to glve the o~
state. Also, 1t wss Impossible to asnvapt the oA modifica~
tion to the }3 phase at low temperatwres. The subsequent
magnetic measurements of Trombe?® (1944) and the electrical
resistance investizatlon of Foex?? (1944) substantiated

thelr earlier low temperature dilatometric results.

In 1947 Vogel and Haumaﬁnég

reported the phase dlagram
of the cerium-magnesium system. This indicated a transition
in pure cerlum at approximately €30°C. whi ch decreased to
4950°C, at four per cent magnesium content, Trambe,éa in
1954, while dilatometrically investigating the cerium-mag-
nesium system between 0° and 8009¢, gave the temperature of

the § - § transition as approximately 500°C,

Leriﬁrg,gl in 1948, investigated sauples of cerium
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metal of approximately 99,6 per cent purlty contalning

L0008 to .22 p@f cent iron, by differential thermsal analysls
over the temperature range 20°C. to the malting point of the
metal (815°C.). Maxima were noted in the experimental curve
at 710° and 740°C, and were found ind@p@nﬂent of spocimen
purity, Another maximum was observed at 540° or 640°¢,
depending on the iron sontent of the m@ﬁ&l exanined, the
latter value being obtained from iron free cerium, It wae
suggested that the anomaly observed by Jaeger, Bottema and
ﬁaa&nbahmﬁg at 362°C, was due to the presence of iron in the

metal.

Ahmann,ﬁg of this leboratory, in 1953 observed a solid
transformation in cerium at 703° t 19?3; The metal studled
contained .1=.2 per cent calecium and ,05-.2 per cent magne~
sium, and had a melting point of sbout 793°C. Spedding and
Qa&n&45 {1964) later gave the m&lﬁiug point of cerium as
@O@“ﬁg and the possible transition temperature as 754°¢.

Vogel and Klmaa44 investlpgated the cerium~1lanthanum
system in 1854, Thermal analysis gave the me lting polint of
9G.8 per cent cerium as a@m“§, and showed a traﬁéitiwn at
720%C, AN heCePa = LeCate transition was believed to oceur
at 300°-350°C, but & definite break in the eooling curve

was not observed.

(e) Fraseodymium. No irregularities have been found in
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low tewperature studles of prassodymium which could be
attributed to a phase transformation. It has been obsgerved,
as was noted sarlier, that praseodymium exhibits both a
fecec, and hec.ps structures 8pedding and naana,és in 1954,
noted briefly the existence of a possible transition at
798%C,. as indlcated by a thermal arrest in coollng curve

studlies of praseocdymium metal.

{d) Necdymium. The electrical resistance results of

Jaeger, Bottems &nﬁ,ﬁaﬁﬁn%ahmgg

on 98.5 per cent neodymium
were rather inconclusive and wre affected somewhat by the
acknowledged exlstence of a thermoelectric effect attributed
to the inhomogenelity of the metal sample, There was evidence
of & discontinulty occurring at about 550°C. in the resistance-
temperature curve which was ascribed to the transition of the
normal hsc.p. phase to a f.c.e. modiflication. No structure
evidence was given for the f.c.c. phase. Anomalles also
ogecurred at approximstely 5156, 655° and 710°C. in the heat
capaclity curves which were reproducible only after consider-
able thmfmal eyeling. 4 transition was thought to oecour at
about 500°C, Trombe and F@@x,53 in 1951; investigated the
behavior of neodymium conbaining several tenths per cent
impurities, chlefly silicon, with a Chevemard mi ero~dilato=
meter over the temperature range =195° to 650%¢, The study
was carried out in an atmosphere of argon at high tempera-

tures and In hydrogen at low temperatures, A slight anomaly



was noted at approxlmately 800°=650°C. which was belleved
due to the heC.pDe~Tscuts transformation reported by Jasger,
Botbema and Rosenbohm“C as oceurr ing at 500°¢, 8pedding ard
Qaanaééﬁ in 1954, reported a thermal arrest for meodymium
cceurring at 868%°C. in a cooling curve investigation in
addition to the melting point (1024°C.), (Cooling rates of
10%/minute wers employed.) An earlier report from this
laboratory (Ahmann,ﬁg 1958) did not reveal a solld trane-
formation in neodymium contalning one per cent magnesium and

+& per cent calclum.

Bates, Leaéh? Loasby and Stevens, %4 in 19585, investiga-
ted the magnetlc susceptibllity behavior of neodymium from
200°K, to 1000°K. No indicatlons of a chase transition
were observed wlith a sample of 98,81 per cent purity con-

talning chlefly .1 per cent Lithium, 07 per cent iron.

3. Correlation of orystal structure with resistance

A survey was made of dll metals krown to exlat ln more
than one phase and for which resistance data were available,
Although the structures of metals are limited to a relatively
few types, 1t was hoped that it would be possible to predict
the structure of a new phase knowing the origlinal structure
of the rare earth metels and the relatlve resistance change

cccurring at the transformation, The data reviewed are given



96
in Table 18, As can be observed there 1s someéwhat contra-

Table 18, Strueturs and resistance data

Metal Transition. , Resistance Change

¢r, 71, Zr hec.ps to bicec. o decrease
Sn fecete to tetraponal decrease

Mn b.csts to cuble decrease

Hn euble to tetragonal ; deerease

U orthorhombic to tetragonal decrease
tetragonal to b.c.c, decrease

Co, Ki HeCaPe Lo fecaCe : increase
Fe beGeCs t0 faCae | inerease

Th Tecsts Yo bicscs inorease

Po cubic to rhombohedral increase

dictory evidence betwesn the results of Iron and thorium,

It should be reallized that there are insufflelient data avall-
able at present to draw any ﬁafimiﬁ@ econclusions, however, &
correlation of this type 1z belleved desirable and should be
fairly effective Iin predicting structure types, Undoubtedly
there would be exceptlons to any generalizatlons but the
existing evidence indicates a definite relationshlp betwesn

siructure and resistance.

It would appear from the date assembled that the order



97

of decreasing resistance as concerns crystal structure ls
feceCe > tetraconal — heteDse > DbeCoc,

R

Cs Egulpment

The electrlical cireult employed for the potentiometric
method of studying the electrical resistivity veriation of
the rare earth metals with temperature ls ghown in Plgure 15,
A Rublicon Type B potentlometer was used with 2 Rublcon Model
3411 external galvanometer for the E.M. F. measurenents, To
determine the actual current passing through the resistivity
sample the potential across & Rubieon standard one ohm re~
sistance was measured. A conaﬁant cuwrrent source wes employed
which furnished B0, 100, 180 or 200 milliamps current with a
variation of lesas than T .01 yév cent at 100 milliamps, ALl
elsctrical leads to the rare earth metal speclimen were of
+020 1ineh tantalum wire, the E.M.P. contacts themsmelves em-
ploying +010 ineh tantalum. Connectlons between the rars
earth metal end the tantalum leads wéra made by elther

erimping or tightly winding the wire around the specimen.

The specimen was supported vertically by tantalum connee-
ticiie in a Vycor sample hnldér {({llustrated in Figure 16)
which was placed inside a three inch diameter, 2 1/8 foot
long Vyeor tube. This tubes extended into a wallyinﬁulat&d,

85 ineh long, Kanthal wound resistance furnace whose heating
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Pige 16 HKlectrical resistivity sample holder
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and cooling rates were controlled by elther a hand or gear
driven Powerstat. 4 chromel-alumel thermocouple positioned
at the center of the sample was used to detsrmine the tem~
pergture, 4&ll electricsl and thermocouple leads entered and
left the vacuum system thrnu@h Stupokoff metal-tlrough-glass
seals soldered into a water cooled brass head which was

sealed to the Vyeor tube with Apleyon W wax.

Vacuum conditions were achisved with an H. 8. Martin
mereury diffusion pump and a Welech mechanical pump; the
diffusion pump was trapped with a liquid nitrogen fllled

Dewsr flaak,

To measure the length and dlameter of the resistivity
specimens the General Electric vernier scale 1llumlnator
mentioned earller and & metric micrometer were used respst-

tively.

Bureeu of Btandard specimens of %tln, 2zine, sluminum and
copper were used to calibrate the chromel-alumel thermocouple
and from the data obtained a correction curve was plotted.
This was subsequently used in determining the true values

of the temperatures measured by the Rubiean potentiometer,

D+ Procedure and technique

All metal samples employed in thls investigatlon were

prepared in the Ames Lsborabtory by the reduction of ths rare
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earth fluoride with caleium in an inert atmosphere. The
excess calelum remalning in the rare earth metal was subse~
quently removed by melting In vacuo. Both of the above
processes were carried cut in tantalum crueibles. In order
to obbtain specimens sultable for reslstivity investigation
the metals were cast in 3/8 inch dismeter tantalum crucibles
af'ter whilech the tantalum was machined off. To further re-
duce the size of the samples they were rolled and finally
swaged to the proper dimenslons. This was accomplished at
room temperature and witheuﬁ the use of a lubricant in order
to minimize conteamination. A flve per cent nitric acid-water
~solution was used to clean the metals before and after each
slze reduction and the specimens were annealed in vacuo at
approximately 500%-400°C, for about one to two hours between
sach treatment to rellieve the strains inecurred, The final
dimensions of the rcﬁwﬁaap@d specimens were approximately
five inches and 1/16-1/8 inches for the length and diameter
respectively., A%t least five measwurements of the distance
betwesn potentlal probes were made with the vernler scale
illwminaﬁmr and the values were averaged. These values

were estimated to be sccurate within Y .1 per cent, A
metric micrometer was used to measure the diameter of the
specimens, flve sets of thres measurements each belng taken
along the length of the specimen between the potential probes,
An average for each set of three values was determined and the

average of the flve sets was taken as the most probable value
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for the diameter of the specimen. An Insccuraegy of approxi-
m&t$1y7:';é per cent was estimated for the dlameters of the
Individual resistlvity samples, The average values, thus
determined, were used in the ealculation of the electrical
reslstlvities of the rare earth elements at the various
temperatures, Ho correctlion was made for the variation of

the sample dimenslons with temperature.

After placing the sample in the ﬁr@vimuglyyguhgaased
aystenm, all electrical sonnectlons wers checked and the
system was pumped down to about 1 x 10" ma, mercury beflore
heating was begun, Heating and coolling rates of approxi~
mately B°C./minute were maintained b? elther a hand or
automatlieally driven Powerstat whieh furnished power to the
resistance Iurnace., Heasurements on the E,M.F.« across the
potential probes were btaken svery aﬁﬂwﬁﬁge,, with smaller
intervals employed when approsching a suspected anomaly,

The temperature was ﬁa@anniﬁéﬁ before md after each E.M.F.
measuremnent and the average taken as the correct wvalue, while
the current passing through the sample was checked each time
by measuring the E.M.F. across the standard one ohm resis-
tance. A current of .1 amp was found sufficlent to produce
an easily m@aauraﬁ EMoFs and is belleved incapable of
generating significant electrical heat within the sample.
Also, the current supplied was sufficlently constant through-

out the investigatlion to allow the value of .100 amp to be
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used in 811 caleulations,

" Although a single thermocouple pogltioned uat the center
of the sanmple was used to gvaluate ﬁh@vﬁemgaraﬁura of the
specimen, the furnace was considered sufficiently insulated
and of adequate size to insu%é little, if any, bvemperature
variatianfwibhim the sample, especianlly since low heating

and cooling rates were employed.

In every case the electrical raaiativaty‘as a funection
of temperature was investlgabted over the temperature repglon
room temperature to as near the melting polnt of the Ilndl-
vidual metals as one could safely approach without causing
the sample to sag. At least two heating and ecooling cycles
were made with sach element, the first heating eyele usually
being necessary to raliéva the strains incurred by the metal
in the mlling and swaging processecs, The pressure within
the vacuum system never exceeded & x 10~% mm. mereury and

was usually in tha’lﬁ”ﬁ mit. MEreury reglon.

#rom the experimentally measured @atﬁn%ial,tﬁ} across
the metal sample amd the current (I} found to be [lowing
through the specimen, the resistance (R) was easily calcu~
lated from Chm's law. |

Rz E/I

Enowing the cross~sectional area (A) and the length (L)
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of the specimen the electrical resistivity (Q), which is
characteristic of the individual metals, was determined from
the equation ,
QR = nf%gﬁh ohm, O
The calculated resistivity values reported were esti~
mated to be seccurate within t one per cent, with greater

accuracy achleved in mogt cases.

After the completion of sach investigation the metal
sample was cut into approximately 3/4 inch lengths, mounted
in bakelite and examined in the x~ray diffractometsr unit.
The crystallographic results were given in Table & of the
previous sgectlion. &iam; sach specimen was spectrographically

analyzed for other rare earths, tantalum and common impuritles.

B+ Hegults

All metal sanples recelved essentially ildentical treate
ment in thelr preparation and fabrication as was described
earlier, The only varying condl tlons would have been alight'
differences in the temperature and time of amealing between
the rolling and swaging processes. Tabls 19 glves the
impurities found present in the metals as determined by
spectrographic analyses. As was stated earller, x-ray

erystallographie studies at room temperature revealed the
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Table 19. E&pectrographic analyses data for lanthanum,
cerium, praseodymium and neodymium %,D

Impurity La Ce Pr Nd
Ca < .04 < .05 < ,056 <.05
Fe 07  <,005  <,008  <,005
Ta < .08 7 |
Mg < .02 <.02 <,02 <.02
51 02 <.01 <.08 <.03
Pr 03 < 403 2,08
na <.02  <,02 <.02
Ce < .08 <.l
Sm | < .06
La <,02 <.005

8Phe results of the common impurities are reported
with an accuracy of Y 50 per cent while the rare
earth values are within ¥t 100 per cent of the
amount reported.

brable 7 gives the meanings of the wvarious symbols,

structure of cerium as being f.c.es whlle lanthanum praseo~
dymlum end neodymium were found to be hc.ps with ¢y lattice
parameters double those values previously reported, No

extra diffraction lines were observed whlch could be attrli-

buted to a second allotroplc phase,
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1, Electrical reslsgtivity wvalues

The rasia%ivity values for lanthanum, cerium, praseo-
dymium and neodymium at 25°C., are given in Table 20 along
with the experimental data from which they were calculated.

Table £20. Electrical resiativity data and
values at 28°C,

Length Diameter : Q 5%, i&m%*a
Element (em,) (em,)  x 10™C ohm,~cm. x 10 5 ohitt, =G,
La 9,813 2488 . B6.8 64.5
Ce 9.735  .2161 75,3 81
Pr 10,045  .1796 68,0 78
¥4 10,136 1873 64,3 72

8yalues taken from the graphleal results of Jamesi® of
this laboratory.

Thesge vélue 8 are lower than those previously reported which
can be interpreted as belng due to greaber purity of speclmen,
greater reliefl of strain through hig& temperature anned 1lng,
or possibly a preferred orientation of the metal erystals
resulting in less opposition to electron mmvam@ntg’ The

first possibllity appears to be the more probable,
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2. HResistivity as & function of temperature

The data showing the variatlon of elsctrical resistivity
with temperature have been grgpﬁiaally prosented in Plgures
17 = 27 for lgnthanum, cerium, praseodymlium and neodymium.
Except for lanthanum, the data can be represented by a smooth
curve frmm room temperabure to a temperaturs relatively near
the melting points of the rg&p@eﬁive slements, At thils
point each metal (lanthanum, cerlum, prasecdymium and neody~
mium) exhiblis an abrupt increase in reslstance over a short
temperature interval of é@praximataly 5“-1@6G. Enlarged
reopresentations of thé&@ anomalies are glven in Figures 19,
21, 24 and 27 for the individual elements. None of these
high temperature irregularities have been previously reported
by other labératari&a, presumably because they exist beyond
the maximum temperature of earlier investigations. Dennison,
whose results were reported by Spedding and waanﬁﬁs in cooling
curve studies of the rare earth metals has observed similar
irregularities at temperatures which sgree with those ob=
tained from the resistivity studies of lanthanum, cerium,

pragseodynium and neodymium.

Lanthanum, in addition to the high temperature anomaly,
also exhliblts a slight hysterysis loop between 3000 and
450°C, This anomalous effect is more aﬁ@?@aiabl@kin the
heating ecyele than in cooling and appears to become less

" pronounced with successive cycling but still remains real



Figs 17 Electrical resistivity of lanthanum: Trial 1
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Fig., 18 Eleetrical resistivity of lanthanum: Trial 2
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Pige 19 Electrical resistivity of lanthanum,.
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F:’L& 20 Electrical resistivity of cerium: Trial 1.
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Figse 21 Electrlical resistivity of cerium,
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Flg. 22 Elsctrical reaslstivity of praseodymium:
Trial 1.
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Pig, 25 Hlectrical resistivity of praseodymium:
Trial 2.
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Fige 84 BElectrical resistivity of praseocdymium,
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Plge. B85 Elsctrical resistivity of neodymium: Trial 1.
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Pig, 26 Electrlcal reslistivity of neodymiumez Trial 2,
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Fig. 87 Electrleal resistivity of neodymium.
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after the third heating trial@’ This peculiarity was not
obggrved in ﬁanniamn*aéﬁ goolling curve investigation of
lanthapum, however, this m@ﬁhaﬁ i1s relatively insensitlve

to small heat variations. Tgble 21 lists the temperatures

at which lanthanum, cerium, praseodymium and neodymium show
snomalous behavior in thelr reslstivity versus temperature
plots and also gives the relative resistivity change occurring

at the respective transitlons.

In the case of prasendymium and neodymium the resise
tivity values of the first heating trial are appreclably
greater than those of subsequent trials, Thils can be attri-
buted to strains Incurred in the fabrication of the samples
and thelr relief on amnealing. The cerium and lanthanum
specimens had been previously amnealed and thus show no

such variation.

F« Discussion

It ia difficult %o make any definite comparlsons or
correlations between the resistivity values at 25°¢, re~
ported for lanthanum, cerium, praseodymium and neodymium.
Of the metals having the same structure type, the resls~
tivity value of lanthanum (56.8 miﬁrmwahm.ﬁemg) is cone
aidara&ly lower than the closely related values of praseo~
dymium (68,0 miero-ohm.-cm,} and neodymium (64.3 micro~-

ohm.~cm.). The more open structure of lanthanum may possibly
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Table 81l. Transformation temperatures of lanthenum,

cerium, prasecdymliun and neodymium

Trial

Transition Temperature (°C.)

a
Llement  number copling _heating &/HT
La 1 340 320 negligivle
e 2 340 320 negligible
La 1 860.1 867.0 -
, ‘ ' +101
La 2 860,56 867.8
Ce 1 726,38 733 45
” L0856
Ce 2 726.2 785.7
Pr 1 788,0 TS4.7
B | +087
Pr 2 768940 794.7
Na 1l 861.1 863,7
’ - +054
Nd 2 B61.2 861.7

8R/Rq 18 the ratio of the resistlvity change oceurring
at the transition to the aversage reslgtivity value at
the transition temperature observed on heatling.
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explain this relationship but this 1s a rather naive Inter~
pretation.s Cerium has a f.c.c. structure and was observed
to have a much higher resistivity value (75.3 micro-ohm.-em.)
even though 1ts atomie volume 1s very similar to that of
prageodymium and neodymium. The high resistivity value for
the f.c.c. phase as compared to the h.c.ps form is in agree-
ment with the llterature survey involving the relationship

of structure type to slectrical resistivity.

- It would ap@aar;aﬁ first consideration that the high
temperature anomalles exhlbited by lanthanum, cerium,praseo-
dymium,and m&@&ymimm'ar@ due to allotropiec transformations
oceurring within the mataig,,hmwa?aé, no ecenclusive crystalw~
lographice evidence at these ﬁamparaéuraa is available to
substantliate this inﬁarpraﬁa%ian. Assuming these anomalles
are due to phase trahsitions, it i$4agparent‘th&t the transe-
farmatiana ars rapiﬁ‘and involve counsiderable resistance
differences, the differences being quite simllar for praseo-
dymiuvm and neodymium. The structures usually aasoaiat&é
with these rare earths are the irregular h.c.p. and f.c.c.
modi fications, with which a transition from one to the other
can be accomplished by slipping layers from the ABAC, ABAC...
pvattern to form the ABC, ABC... stacking sequence. This
seemingly would involve only a slight energy difference be=
tween the two structures and would hardly account for the

pronounced irregulsrities observed in both the resistivity
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and cooling curve studles, the latter glving a transition
vhenomens similar In magnitude to that of the meltlng polnt.
From the literature survey of the resistance changes occurring
at the phase transformatlion temperature of several metals,

it was indlcated that there is an increase iﬁ,r&aistan@a on
the transformation of & hsc.p. phase to the f.c.cs form, and
that the order of decreasing reslsbtance as concerns structure

type sppears to be f.¢,c. 2 tetragonal — hec,pe > betet,

Undoubtedly there are exceptions to the above opder
and it should be recognlzed that there may be considerable
reslstance variations within structures of the same type.
Nevertheless, the survey suggests the possibility of a f.c.c.

or tetragonal phase for the high temperature modification.

The lower temperature anomaly of lanthanum is much less
pronounced than that occurring at the higher temperature,
indicating a relatively slight deviation from the originsl
structure. k&rystallagrapbiw studies at elsvated temperatures,
which are still in/p%agreaa, giv&wavi&ana@ that thig ph@mgmana
is due to a transition of the h;a.§¢ phaaa’tc é f.c.c; moﬁiw
fieation,

Comparison of the traﬁ&fﬂrmatian temperatures wlith thoss
previously reported by other laboratories for 1amﬁhanum,‘
cerium, praseodymium and neodymium reveals llttle agreement.

Although the high tamparature anomalies occur at temperatures
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greater than what were attained in the earlier lnvestigations,
no evidence was found in this study feor those transitions
reported at lower temperatures except in the case of lan-
thanum. The lowsr transltlon tempoerature (ﬁﬁﬂawéﬁﬂgﬂ.ﬁ

agrees reasonably well with that reported by Jaeger, Bottema
and RosenbohmSS (393°-440°C,) and Trombe and Foex0 (300°-
350°C. on heating), Impurities would seem to be the most
likely explanation for these dlsagreeing results, although
annealing temperatures, heating and cooling rates and other

factors also would be influentisal,
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IV, SUNMMARY

The normal room temperature crystal structures of
scandium, yttrium and the rare earth metals were determined
by xeray diffraction methods. Hany of the structures pre=
viauﬂly’r@parteﬁ were verilied and those of lanthanum and
praseodymium were corrected to satisfy the requirements of
the data., This necessitated a doubling of the ¢, axis

reported earlier for the h.c.p, structures of these metals,

With the éznglﬁ axception of euwropilum, sach metal
studied was examined by back reflection x-ray diffraction
techniques. Accurate values for thelr latilce parameters
were calculated by both Cohen's®® and Thewlis!'26 m@thad& of
determining let tice constants, the former belng preferred

Tor atated reasons.

From the values of the ungt cell dimensions of the metals
their mole~atomlec valﬁ%ﬁé,,ﬁamaiﬁiaa, axlal ratios (where
appropriate) and metallie radil were caleulated and compared
in graphlecal form. Miecroscople examination of the distilled

metals showed strong evidence for the existence of twinning.

To ascertaln the regions of stabllity for the various

vhases reported for lanthanum, cerium, prasecdymium and
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neodymium, the electrlical reslstivity of these metals was
studied a5 a functlon of temperatwre over the range 20°C.
to approximately aﬁﬂélﬁﬁﬁﬁ¢ below thelir melting points,

The resistivity values of these elements at 25°C. ars tabu-
lated and the ir transformationa are illustrated in thelr

resistivity versus temperature plots.
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