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I. INTRODUCTION

The phenomenon of the solubility of certain metsls in
their molten salts is one of the most interesting areas of
investigation in fused salt chemistry. Many systems have now
been at leest partially examined including those of the
alkall, alkaline earth, transitién, inner-transition, and
post-transition metals. Recent reviews have been written by
Ukshe and Bukun (1), Delimarskii and Merkov (2), and, more
critically, by Corbett (3).

In a typicel system there is & depression of the melting
polnt of the salt upon eddition of the metal which terminates
at an invarient, monotectic (or eutectic) point with the solu-
tion, solid selt and a 1liquid (or so0lid) metal-rich phase in
equilibrium. Beyond the monotectic the concentrstion of the
metal in the molten ss2lt usually increases with tempersture;
this increase mey be slight or it may be large enough to 2llow
a consolute tempersasture egbove which the liquid salt and liquid
metal ere miscible in all proportions. One feature of these
solutions 1s thet they sre spparently specific for the selt of
the same metal; i.e. mixed metel-salt systems either show no
measureable reactions or they involve oxldetlon~reduction reac-
tions.

For slmple salt-metal solutions there is an sbsence of
any intermediate selt phase. Attempts to isolste new com-

pounds, even by rapild quenching of the melts, yield just



finely-divided mixtures of the initiel selt and metel. How-
ever, there gre several systems which do involve separation

of solid subsalts. These subsalts usually undergo peritectlc
or syntectic disproportionation a2t higher temperatures to the
metal rich phase and to the normel salt rich melt. Above this
peritectic (or syntectic) temperature the salt-metsl phase
relationship resembles that found in the simple sa2lt-metal
systemus.

There are then two main points of interest in meny of
these studies. The first is to determine the nature of the
solute in the molten solution, and the second 1s to determine
if solid suthelides exist. Composition versus tempersture
phase diagrem studles help clerify both points. They show the
extent of the apparent solubility and, by their form, suggest
conditions for other experiments in the molten state. Also
they ere perticularly useful in showing the existence or non-
existence of lower halides; several previously unknown sub-
heglides have been discovered by these studies.

Different theories have been advsnced to explain the
solucility of the metal in the molten salt. Corbett (3)
covers these qulte extensively so this discussion will not
be exhaustive. It 1s quite possible that no single, simple
theory can £it the many verled systems. For example, the
solubilities range from less than 1 mole % metal (SbClz-Sb,
AlIs-Al, MgClo-lg, PoClg-Pb, PbI,-Pb) to complete miscibility



between molten salt end liquid metel et the salts melting
point (CsX-Cs systems, RbBr-Rb). In the letter systems then
there must be complete gradetion from selt-like to metallic
behavior. Also, the behavior of the alkall metal systems, for
instance, would very likely be expected to be qulte different
from the trensition or post-transitior metal systems. It is
in fact, quite 1lnteresting to éee the differences and simi-
larities between these different groups.

At present, the two mein theories are that the metal
dissolves by formstion of a lower oxidation state of the salt,
i.e. a subhalide, or by formation of the solvent cetion plus
electrons. An esrly theory by Lorenz (4, 5) thet the melts
were actually colloidal suspensions hss been generally dis-
proved.

The sukhalide theory hzs been returned to good favor in
recent years. In the nineteenth century it wss gbused by in-
vestigators clalming many subhalldes which did not'actuelly
exlst. In their defense i1t must be noted thet they did not
have adequate means to differentiate between compounds and
finely divided mixtures of solid salt and metel, nor 4id they
have our presént, more complete knowledge regesrding trends in
oxidation states. Unfortunately even some modern investi-
gators have made unsupported claims of unusual subthalides.
The current subhalide theory was put on e firm bssis by work

done on the post-transition metels (6, 7, 5, ¢). The extent
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of tne mefal solubility within a group of the post-trensition
elements increases with lncreasing atomic number of the metél;
this 1s in agreement with the known trend toward increeased
stabllity of the lower oxidation state 1ln these groups. Also,
the solubillity of a given metal is observed to incresse with
atomic number of the halide for all hslide systems known
except for cadmium and the alkali metels. In terms of a
reaction of the type Moy, + K(g 1) = Mio1pn., this can be
explained by a shift in the equilibrium toward the reduced
state with the heevier haslides due to a decrease 1ln the extent
the more scidic M'% ion interscts with the helide ion. The
inverse order for cadmium 1s in agreement with the known order
of stability of 1ts halide complexes in aqueous solutions.
Addition of basic salts such sg KC1 should shift the equi-
librium toward Mfz because of the interasction of the chloride
fon with the more acidic K'% ion. This is in agreement with
the known facts for the solubility of Pb in PbCl (10) on
addition of KCl, and for C4d in CdClz on sddltion of KC1,
CaClg, iglly, ZnCly, MnCly, end CeClz (11). Corbett pointed
out thet addition of a strong Lewis acid such as an 2luminum
tri¥aflide should incresse the smount of reduction sincé the
hellde lon would assoclste with the AlXz rather than with the
4% ion thus shifting the equilibrium toward M'. With
CdXz:AlX5 equal to 1l:2 the limiting compositions correspond
to 87, 57, and 31% reduction of the ca*t? to Gdgz compared tc



15.9, 16.4, and 21.6/ in the respective chlqride, tromide,
end iodide systems (2). Furthermore, the Cdgg ion was con-
firmed in the melt by Raman spectrum (12), 2nd the solid salt
Cdz(A1014)2 wes obtained. AcTually the preparation of GsAlCl,
and the enalogous Ga(GaCl,) led to the cadmium results (13).

The "theory" thet the metal goes into solution as lons
plus electrons 1s concelved differently by different workers
in the field. In 1952 Cubiceiotti (11l) proposed a2 model in
which the anilons weré teken to be essentlially close-packed so
that the cations of the selt, and of any dissolved metal,
occupied octehedral holes in the anion structure. Valence
electrons of the dissolved metal were described ss teing
transferred to "bands or zones of energy states belonging to
the salt system as & whole." The nature of the electron zones
or bands was not further defined; in certsin later papers the
assumption of solution es metsl atoms wes implied (14, 15, 16,
17). Aveilable information on veriations in solubility with
size of divalent cotions, with charge type of the chlorides,
end from the effect of added salts on Cd in CdClg wes cited
in defense of the model. Numerous facts have been arreyed
sgainet this specific model (3) and it simply does not hold
up as a general theory.

However, & somewhat vague concept of solubility as ion
plus electrons has bteen used to explaln the solubilities and

eppreciekle electronic conductivities observed in the slkalil



halide melts and in certain of the rere earth metal halide
melts (18, 19, 20, 21). Variations between syétems was
attributed to stability of vérious electron “traps" such as
Napo molecules or Ca;2 molecule ions but the nature of the un-
trarped electrons was unclear except that they were conduct-
ing and cryoscoplcally active.

An glternate model is to consider the electrons zs
trapred or bound in anion vacancies; this is anslogous to the
solid stete behsvior of n-type semiconductors end of color
centers in helides of the more electropositive metals. Piltzer
(22) considers the formstion of such solutions 'mey be con-
sldered in two steps: <first, the conversion of the metal to &
hypothetical ionic lattice of positive lons and F-centers, end
second, the mixing with the metal halide." He shows that the
posltive energy of mixing for these systems can be accounted
for reasonably well by the excess energy of this hypothetical
metal. He points out that a criticel factor for metellic vs.
non-metallic cheracter is the overlap of the wave functiouns
between the F-center cavities. Intermedizte stotes are un-
stactle at low temperatures and one finds the continuous
trenslition from non-metallic to metzllic character only atove
e criticel mixing temperature. For the metal halide-metal
systews the non-metal to metal trensitional composition may
ce takeh to be that of the critical point for phase separa-

tion. This is of_the order of 50 mole % metal wheress it is



only 4.2% metal in solutions of sodium in liquid ammonia.
Apparently the electronic wsve functions are much more
locelized in the fused salts than in ammonia. Others envision
a similer picture for these systems (1, 23).

Corbett (3) compares this with the suthalide theory,
which 1s st leezst better documented in certein systems, and
shows thst in some ceses "the difference between 2 solvated
electron and & reduced ion may be lzrgely sementic and merely
amount to a subtle difference in degree of electron locellza-
tion." Bredig (24) comments thet in mentioning "eryoscopically
active" electrons he hed in mind 2

. . more or less strong interaction with the

catlions which may be represented by e(MZ+)X, where

z 1s a number essentially unknown at present, pos-

sibtly verying from 1 (e.g. in hypothetical Cat) to

perhaps 6 (F-center-like entities).

Thus the theory 1s in a2 state of flux end will undoubtedly see
new developments in the neer future.

Finally, brief mention should be made of 2 proposed con-
duction mechanism by Rice (25) that in those systems which
dlsplay electronic conduction the electronic contribution can
be considered to arise from the random welk character of &
resonant charge transfer between metsl atom solutes and the
cations of the salt. ©So fer the mein argument ageinst this
proposal 1s 1ts 2ssumption of the metal atom solutes. It

will be 1interesting to see how this conduction mechanlsm

model fits in with the F-center end subhslide structural



models.

It 1s apparent that the battle of solution theories will
rege for some time. Certainly the subhallide theory is based
on the firmest ground for certain systems, but to extend it
to others will require considersble sophistication in its
descriptlon. Both the F-center and random walk models will
undouktedly be enlarged in scope, and either or toth may
attain wide acceptance.

The investlgation of metal halide-metsl systems has
recently been extended to the rsre earth metegls. Phase
diegram and other studies of the lighter rare esrth systems
have shown interesting trends in certaln cheracteristics of
tnese solutions but, perhaps more importantly, have shown the
existence of several new lower halides. Here "lower halide"
is used to describe any rere earth metel halide whose halide:
metal mole ratio is less then 3:1. These lower halldes zre
all steble with respect to disproportionation in the solid
state, except for Pr012_3 which 1s stable 28 = solid only from
ca. 594° to 1ts incongruent melting point at 659° (26). The
known lower halides ere listed in Table 1; included are the
previously known dihalides of samzrium, europium, and ytter-
bium and the recently discovered TmI, (27, 28). A more com-
plete tabulation of the major features of the MXz-M systems
for lanthanum, cerium, preseodymium, and neodymium 1is given

in Table 2.



Table 1. Lower halides of the rare earth metals

La Ce Pr Nd Pm Sm Eu
Ssz EuF2
8 Nd012,37
PrClp 3~ NdCOlp o7
NdCl SmC1 EuCl
2 2 2
PrBr2'4

SmBro  EuBrg
L812‘4 C312 4 PP12.5

L812 ceIz. PrIz NdIl.g5 Sm12 Eu12
Gd Tb Dy Ho Er Tm Yb Lu
' YDbF
YoCI,
YbBr2
Tl  YbIp

éDisproportionates at 594° on cooling.

The dilodides of lanthanum, cerium, and praseodymium
heve been shown to be metallic-like rather than true ionic
dilodides (29, 30). Magnetic susceptibility and electrical
resistivities indicate that the metal is not present as M2
ions but is still in the +3 oxldation state with an equal
number of electrons in essentially metallic bonding with the
cations, 1.e. M*se’(I")e. Thelr lustrous colors are also sug-
gestlve of a metallic nature, essentially black with s purple
luster for LaIz, dark bronze with a bluish luster for Cel,,
end a golden bronze for Prl,. Other properties of Lely, Celg,
end Prl, also dletinguish them from the normel, divalent
halides. Thei; higher melting points, relative to their tri-

iodides, are in contrast to the lower melting neodymium and



Table 2. kejor festures of the MX3-MN systems for the lighter lanthanides®

WLeD o Futectic Max. solubilitxb Compounds
M 1C1y Mz Temp. Comp. % Temp. Comp. % m.p. Comp. % Liquid %* Reference
Le 860° 826 9 990 11 none 31
778-9 734 8.2 900 33.3 50 12.2+40.8 14.2 29
(L&Ir .42)
830 33.5 33.3 29
(Lalz oo)
Ce 8l: et 9 950 0.7 none 32
760-1 715 8.8 880 31 731 19.2+0.8 16.1 29
(Cels 40)
808 33.% 30.3 29
(Cels.o0)
Pr 1786 646 17.1 780 18.7 650 249 18.7 26
(PrCls . 3)
738 666 11.9 876 16.7 16.7 29
(PI’Ir*_E)O)
669 20.9 764  £8.2 758 33.5 o8 .2 29

(PrIz.q0)

8Couposition 28 mole % metal ¥ in Xz, £0.3 unless otherwlse noted.
bLargest experimentally determined solubility.
CComposition of liguid salt vhsse in equilibrium ot m.p.

dDisproportionates at ca. 594° on coollng.

ot



Table 2. (Continued)

LoD Eutectic Mpx. solublility Compounds
M uClgy bls Temp. Comp. /% Tem.. Comp. ;¢ m.p. Comp. % Liquid % Reference

Kd 758 640 13.8 870 30.5 680 21.0+0.7 17.5 . 33,34
| (NdCly =n)
702 24.3+0.7 20.0 33,34
(NAClg, on)
841 33.3 30.3 33,34
(N&C1g)
]
787 4901 26.6 800 36.5 562 35.0 35.0 33,34
(NaI; .95)

T
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gsamarium dilodides. Also, contrary to normel trends of in-
creasing stability of the dichlorides with incressing atomic
number of lighter lanthanides, the metalllic diicdides decrease
in stability from lanthanum to praseodymium, as judged from
the degree of decomposition on fusion and thelr melting points.
Similer metallic-like behavior has been noted for the rare
earth monosulfides (35) and acetylides (36) except for the
normal divalent compounds of europium, ytterblum, and samarium.

2 lons but

Neodymium dilodide is evidently ionic with Nd*
its stoichiometry of Nd11.95 and its insulating character
indicate an apparent reduction below the +2 state (34). The
dilodides of samarium, europium, thulium, and ytterbium are
apperently stolchiometric and lonic. However, reduction below
the +2 state 1s indicated for samerium in the lodide melt
(34). The extent of reduction in the iodide melts is not
known for europium, thulium, and ytterbium; thulium may also
be reduced below +2 but this would not be expected for europiunm
end ytterblum.

The intermediate lodides Laly 4, Celg 4, and PrIg g have
not been investigated enough to say if they are lonic or
metallic-like but they would be expected to be metallic like
the dilodides. Measurements on PrBry,4 glve gross resistances
in the semiconductor range indicating at least some electronic
conductance (37).

The lower chlorides sasre evidently 811 ionic. As noted
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above, their stebility increases with the atomic number of the
lighter lanthenides as evidenced by the non-exlstence of lower
chlorides for lenthenum and cerium, the stability of solid
PrCly, 3 only over a small elevated temperature range, and
finelly the existence of lower chlorides of necdymium, samar-
ium, and europium.

In conjunction with the discussion of stability of the
solid halides ;t is interesting to note the limiting solubil-
ity of the metals in the molten salts (see Table 2). With
the chlorides the metal solubility increases regularly from
lanthanum to samarium but with the lodides 1t decreases from
lanthanum to praseodymium and then incresses to ssmarium.

Besides phase dlagram studies, there have been ENMF gnd
conductivity measurements made on certain of the molten
systems in an effort to determine the nature of the solute
species. Actually the only EMF work was that done on the
CeClz~Ce system (38) end that was shown to be unreliasble due
to contsiner ettack (39). Conductivity measurements were made
on the chlorides and iodides of lanthanum, cerium, praseo-
dymium, and neodymium (20, 21, 40, 41). For both the chlorides
and lodides consliderable electronic conduction was found in
the lanthenum and cerium systems. Praseodymium shows less
electronic conduction while neodymium shows essentizlly lonic
conduction. The question immediately arises as to the nature

of the solute specles and in what msnner the electrons become
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conducting. To date this has not been resolved. However,
Corbett (3) pointed out that the electrons sre not 211 mobile,
as the posltive temperature coefficlent of the specific con-
ductivity indicates that they are activated from some unknown
solute specle(s). Whether these solute specles are those
described by the F-center or subhalide theories remains to

be proven.

It is of interest to determine the trends in solubility
arrd in solid lower halide formaticn for the heavy rare earth
metals and for the rare earth metals yttrium and scendium.
For this reason the following investigetion was made of the

GdClz-Gd, GdIz-Gd, and YIz-Y systems.
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II. EXPERIMENTAL
A. Preparstion of the Anhydrous Trihelides

The gadolinium and yttrium metals used for the prepara-
tion of the trihallides were readily svallable in the Ames
Laboratory in a high state of purity. Typicel impurity
anaslyses showed 300 ppm oxygen, 130 ppm carbon, 200 ppm
nitrogen and fluorine,<0.1% metellic impurities, principally
as calclum, magnesium, tantalum and other rare earth metsls.

The trihalides were prepsared by the method developed by
Druding (34) in which the metsl was reacted directly with the
halogen or hydrogen halide. This was considered to be super-
lor to other procedures in svoiding the problem of oxygen
contamination. Even so, it wes necessary to vescuum sublime
the products for ultimate purity. Varying amounts of non-
volatile residue remained after the sublimations and the
product trihalides were always cleaner in eppearance. The
purity of the trihalides were reflected in the melting points
determined by thermal analysis, specifically ty cooling curves.
Twice-sublimed Y13 melted at 997° compared to 989° for the
unsublimed meterial and 965° recently given in the literature
(42). Sublimed GdClz melted ot 605° compared to 603° for the
unsublimed material and 602° for the litersture value (43).
Sublimed Gdlz melted ot 9510, the literature value is 925°

(43). Typical major component anazlyses on sublimed szlts
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have halide:metal ratios of 3.00+0.01:1 with 100.00+0.15%
material balance. Typical impurity analyses showed 500 ppm
oxygen, trazce quantities of aluminum, silicon, calcium and
megnesium, with other rare earth metals, tungsten, tantalum,
and molybedum not detected.

All materials were stored in evacuated sample containers
due to the hygroscopic nature of the trihalides and the re-
active nature of the metals and, especially, the subhalides.
All treansfers were carried out in an argon-filled "dry" box.
The argon was dried by passage through a -80° trap, and the
box atmosphere continuously circulated through mixed Linde

Molecular Sleves Types 4A and 13X.

1. Preparation of gadolinium trichloride

Gadolinium metal was placed in a molybdenum boat inside
a fused silica tube which was then placed in a 12%, nichrome-
wound, split furnace and connected to the gas train. Incoming
gases were dried by passing them through a sulfuric acid
bubbler and a -80° trep. Helium and a little hydrogen were
passed through the tube while i1t was beilng heated to reaction
temperature (850°). When the temperature reached 850° the
helium and hydrogen flow wae stopped and HCl was passed
through a2t a moderate rate until the reaction was completed.
One to three hours later completion of the reasction was indi-

cated by the appearance of white fumes of molybdenum chloride.
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Hydrogen was then added at about one-helf the HC1l rete and

the apparatus meintained at temperature another helf hour.
Helium was passed through the apperatus during the cooling
period. The crude product was trensferred to a tantalum
crucible which was connected to a tantelum collector tube
inside & larger tantelum tube. The entire sssembly was placed
in an evacuable fused silica tube and the trichloride was sub-
limed under vecuum at 850°. The finsl product was almost
white with a slight yellow or green tint.

Since hydrocarbons found in commercial HCl are difficult
to rewove end react preferentlally with the rare esrth metals,
the HC1l was usually generated as required by dropping conc.
HoS504 on KC1. However, commercial HC1l was used for one
preparation and indeed it was necessary to sublime the crude
product twice before 1t compared favoresbly in 211 respects to
once-sublimed GAClz made from generated HCL.

2. Preparation of gadolinium triiodide and
yttrium trilodide

For the prepsration of the triiodides of gadolinium and
yttrium the metal was loaded into e tungsten crucible inside
a lsrge fused sllice tuhe. The previously vacuum sublimed
lodine (B&A Reegent Grade) wes contained in s sideasrm con-
nected to the main tube. The section of the epparatus con-
taining the metal was heated to a temperature 10-20° above

the melting polnt of the trilodide while the arm conteining
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the iodine was heated to 110° to maintein the lodine pressure
at one-tenth of an a2tmosphere. Twelve hours were usually
allowed for complete reaction.

The crude product was sublimed by the seme technique as
used for gedolinium trichloride. The finel gadolinium tri-
lodide was very light grey with a slight green tint. The
yttrium lodide was almost white with a slight yellowish tint.

B. Analytical Methods

1. Disgsolution of samples

Samples for analysls were transferred in the dry box to
e welghing bottle and this was weighed in air. After trans-
fer of the sample, the weighing bottle wes a2gain welghed in
ailr and the necessary buoyancy correction applied; The tri-
halides were dissolved in water but with all reduced mixtures
or subhalldes sufficient zcetic ecid was added to dissolve
the hyarolysis products. An zcid solution was not added
directly to reduced semples beczuse of their extremely resc-~
tive nature. With the lodides & smell smount of sodium sul-

fite was added to reduce zny lodine to iodide.

2. letsl determination

The metel was titrated with EDTA using srsenazo indicator
at pH 5.5-6.5 (44).
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3. Chloride determination

The chloride was precipiteted with silver nitrate, dried,

and welghed as slilver chloride.

4. Jodide determination

Iodide was determined by titration with stsnderd silver

nitraete using Eosin Y as the indicator.

5. Oxygen determination

Oxygen was determined by the Anelytical Service Group

by the inert ges fusion method (45).

6. X~ray powder pattern determination

Semples for X-ray powder patterns were loaded in the dry
box into 0.1-0.3 mm. Pyrex ceplillaries and sealed off. Dif-
frection patterns were obtsined using Ki-filtered, Cu K X
radiation in en 11.46 cm. Debye~Scherrer camerz. The camers
was calibrated with sodium chloride, and no corrections were
applied for adsorption. Values of & were converted to dis-
tances using the NBS tables (46). The trihslide patterns
were visually identical with those determined by Dennison.®
The patterns of &-Gdlp and GACly g are llsted in the

*D. H. Dennison, Ames Leb. U. S. Atomic Energy Commis-
sion, Ames, Iowa, "X-ray Powder Patterns of HRare Earth Metal
Trihalides", private communication (1961).
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Appendix.

7. Experimental accuracy

The results of the analyses were considered relliasble 1f
the materisl balance toteled 100.0+0.3/%. In the results to
be guoted, the values of mole /# metal are +0.3% and the

halide:metal ratios are +0.01 unless otherwise noted.
C. Measurements

1. Determinstion of the phase diagrams

The phese diagrams were determined by thermal anslysis
and equilibrations. These were supported by the anslyticsl
Tools of chemical analyses and X-ray pvowder pstterns.

a. Thermal anslysis The seample containing spparatus

for thermezl enelysis was essentlally that used by Druding
(34). A three section sppsratus was used so that successive
metal additions could be made. The bottom section wes con-
structed of 22 mm. x 14" fused silica with 2 vacuum jJacket of
41 mm. fused silica on the lower two-thirds. A well evscuated
Jecket was essential for steady cooling rates at the lower
temperstures ( € 680°) encountered in the GdClz-Gd system. A
platinum foil radiation shield was placed around the outside
of the vacuum shield; thie was necessary to maintsin uniform
cooling rates at the higher temperatures (< 1100°) encountered

in the lodide systems. The middle segment of the apparatus
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consisted of a Pyrex "el", while the Pyrex top hed a stopcock
end two tungsten-through-glass seals for the thermocouple
leads. The "el" was necessary to zvoid thermsl gradients
across the tungsten leads. When the sample temperature was
beiig recorded 1t was essential to shield the tungsten leads
by surrounding that portion of the apparatus with metal foil
and grounding the foil. If no shield wss used the temperature
recording varied from slightly unsteady to violently spas-
modic. A small blower was used to cool the connecting taper
Joints and the stopcock. The sample was contained in & tan-
talum crucitle, 3/4% i.4. x 2%, with & thermocouple well of
5/3z" tantalum tubing positioned in the center end crimped so
that the tip of the thermocouple was 1/4 to 1/2" above the
bottom of the crucible. The bottom portion of the #28 gage
chromel-alumel thermocouple was encased in an slundum shield
while the tép end was equipped with small clips to fecilitete
easy replacement. A tantelum 1id wes pleced on the crucitle
and three or four tantalum baffies were fastened to the
alundum thermocouple insulstor at one inch intervsls to min-
imize convection currents and decrease hest loss by radiation.
The vacuum-jacketed portion of the zppearatus was posi-
tioned in & Marshsall tube furnace. The furnace wes lined with
a plece of 1/8"'thick Inconel pipe which was grounded. The
grounded pipe served to steady the temperzture recording and

to lower the power-off cooling rzte of the furnsce. The
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cooling rate of the furnace could be controlled between
Llo/min- to i1ts maximum cooling rate with power off, 5° /min.
at 600° and 10°/min. at 900°. Temperature was regulated by
a Vieston Celectray controller or Minneépolis-Honeywell Brown
Electronik Indicating Proportioning Contrcller with the con-
troller thermocouple in contact with the inside well of the
furnace.

A differential thermal recording was obtsined simul-
taneously with the sample temperature recording. The refer-
ence thermocouple was In contact with AloO3 sealed in a fused
sllica contesiner which was permenently positioned in the
furnace just below the semple. The sample thermocouple poten-
tisl and differential potential were simultaneously recorded
on & Bristol Model 560 Dynamaster strip chart, two-pen
recorder. This recorder is equipped with a variable, 2-10
millivolt scale with a 0-40 millivolt zero suppression for
the temperature pen and fixed 0-2 millivolt range for the
differential pen. A Rublcon potentiometer was subtsequently
used to measure the recorded thermal arrests. Positioning
of the differential pen was controlled by a varigble DC
voltage source which in effect acted s 2 zero suppression.
The sample thermocouple was standardized regularly against
the melting points of Ag (960.8°), NeC1l (800°), and Wal
(660.1°). The KeCl and Nal values are those given by Bredig

and Bronstein (47). The thermocouple weas replaced if it 4id
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not indicate melting points within one degree of these values.
No provision was made for egiteting the sample during cooling
other than by shaking the entire epperatus by hsnd.

The procedure followed in & run was to load 2£5-35 milli-
moles of salt and the desired amount of metael in the dry box
and evacuete the apparatus by mercury diffusion pump for about
one hour. One-half atmosphere of argon was then introduced
to keep sublimation of the trihalides to a minimum. The
sample was equilibrated for 15 mins. ca. 20° above the melting
point of the trihslide and then the furnace was cooled 2t a
uniform rate. During the cooling the sample tempersture and
the diiference between the sample and reference temperatﬁres
were continuously recorded. Thermal hslts were observed when-
ever some event in the sample would affect the cooling rate
of the sample due to the heat evolved in the event. Typicelly,
helts were observed for liquidus, peritectic, eutectic, and
phase transformations. Thermel halts were reproducitle to
within 1° on a given semple and, unless otherwise noted, 2ll
temperatures reported are 110- |

The thermal helts obtained were quite varied in nature.
lielting points and eutectics showed good plateaus on the
temperature (T) curve thet gquickly fell off_beyond the break
and returned to the normal cooling rate. This was accompanied
by & huge hump on the differential (A T) curve. The only

severe supercoollng was observed with GdClg (16°). The
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liquidus halts were seen only as chanhnges in slope on the T
curve with a more drematic displacement on the AT curve.

The AT curve might or might not return to its equilibrium
position depending on how soon the next halt appezred but, in
elther event, the separste halts were usuzlly easily iden-
tified. The peritectic halt in the GdIz-Gd system was more
pronounced than a liquidus helt but less than a eutectic halt.
In the GdGlS-Gd system the peritectic halt was very small;

the differential curve was psrticulerly helpful here in estsb-
lishing in early runs that there indeed was & peritectlc halt.
Halts due to phase transformations in the pure compounds were
well pronounced but, of course, were smeller 1n mixtures.

For a melting point or eutectic?the actuel temperature
assigned to the halt was the temperature of the platesu on the
T curve. For a liquidus, peritectic, or phase transformetion
the essigned temperature was taken from the initiel slope
change on the T curve; the larger and more abrupt AT slope
change occurred at the same time and helped with the tempers-
ture assignment. Relatively slow cooling rates (2-5°/min.)
were necessary to meke thls slope change abrupt and not
rounded.

b. Equilibrations Equilitrations of the salts with
metel were carried out in the spperatus shown in Fig. 1. The
salt znd metel were loaded into 2 1/4" tantalum tube in the

dry box. DBest results were obtained using metal in massive
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chunks or buttons since metal turnings disintegrated during
the reaction and the fine metal chips were difficult to sep-
arate from the salt chase after the resction. The tube wes
crimped tightly and then suspended by a tantalum wire in the
equilibration spparatus. The tantalum wire was in two sep-
arate lengths connected by an alumina link‘to prevent heet
loss by hest conduction. The sample was positioned so it was
in good contact with the thermocouple. The zpparatus was con-
tinuously evacuated throughout the equilibration. A 12"
nichrome-wound furnace was used to heat the middle (fused
silica) section with the sample to the desired temperature.
The top and tottom Pyrex portions of the eppesratus projected
out of the furnace and were cooled by smzll blowers. The
sample was quenched by rotating the suspension hook so that
the sample tube fell into the silicone diffusion pump oil.
Necessary equllibration times varied considerably. For
the liniting liquidus concentrations consistent results were
obtairied for samples equilibrated 30-6C minutes for the iodides
end 1-2 hours for the chloride system. However, to produce
the lower iodide and chloride of gadolinium the trihalide end
excess metal were rescted for 5-20 deys between the eutectlc
enc perltectic temperatures. In fact the lower chloride was
never obtsined by equilibration et constant temperature. The
lowest chloride:gadolinium ratio reached by this technique

wes 2.04:1, sutsequently found to be only ca. 70% reduced.
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Best results in enriching and isolating the lower chlor-
ide were achieved by applicstion of = temperature greadient.
Two metnods were used. In the first method sufficient salt
and metal were loaded into e 5" length of 1/4" tantalum tubing
to fill the tube to ca. 3" after the salt was melted. The
tube was placed in a 5/3¢" 1.4. evacuable fused silics con-
tainer. A thermocouple was in direct contsct with the sample
tube. Two small 3/8" i.d. furnaces were positioned so most
of the sample was held st ca. 650° but the top part of the
sample was held at 600°. The sample wes then reised 1/4"
three times & day for four days. The second method was
developed by Sallach (30) for growlng peritectic-type lower
helides. The szmple was slowly lowered from a hotter zone
into e colder zone of an edapted Msrshsll furnace. The fur-
nace had e temperature profile which resulted in s uniform
temperature gradient within the semple of ce. 14°/inch.

The product yield was very low Tut thevlower chloride
crystals were much lsrger than any grown previously and they
were easlily seperated from the bulk s2lt by hand sorting in
the dry box.

2. Reslstance mezsurenments

Crude gross resistance measurements were mede on the

solid samples in the dry box using a vacuum tube voltmeter.
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3. HMagnetic susceptibility measurements

Exploratory megnetic susceptibility mezsurements were
nede on samples of composition Gdlp, 37 &nd GaCly .g by members

of the physics group under the direction of Pr. Sam Legvold.
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I1I. EXPERIMENTAL RESULTS AND PERTINENT DISCUSSION

In the phase dlagrams to be cited the circles, crosses,
and triangles represent dats obtained by equilibretions, cool-

ing curves, snd heeting curves respectively.
A. Gedolinium (III) Chloride-Gadolinium System

There ere two main items of interest in this simple look-
ing vhase disgrem. The first item is the low solubility of
metel in the molten trichloride. The eutectic composition 1is
1.0 + 0.5% Gd in GdClz; the limit of solubllity is 5.0% at
950°, 3.2% a2t 800°, and 2.0% st 670° by equilibretion. This
is the lowest metal solubllity reported for any rare esrth
metal-trihalide system reported so far, even for systems where
no solid lower helides exist.

The second and more exciting item of interest is the
existence of & solid compound of spparent stoichiometry nesr
GdCll.s. This stoichiometry btelow a more conventionsl di-
chloride is well documented. Trichloride and metel were care-
fully equllibrated below the peritectic temperesture at 6320;
those samgles whose salt phases subsenuently snzlyzed neer
33 mole % Gd in GAClz (i.e. ca. GACly) still exhibited a large
eutectic helt when cooled from the equilibration temperature.
In eddition, powder patterns of these solidés showed the
presence of appreclable amounts of GdClz; in fact the char-

acteristic trichloride lines were still of msjor intensity as
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shown for the composition GdClp ;3 in Fig. 3. More reduced
80lid samples of compositlions Gdcll.alto.os and Gd011.68i0_05
were later lsolated and thelr pstterns still showed the
presence of GdClz. Finally, a sample of composition
Gd011.6110.05 showed no powder pattern evidence of GdClsz.

Efforts were first made to obtaln the lower chloride by
reacting trichloride and excess metal between the peritectic
and eutectlic temperatures for 10-20 days, depending on the
quantity of sample. Best reaction rates occurred at ca. 602°,
as low a8 possible without the entire system belng solid. The
lowest composition attailned by this constant temperature
method was GACly g4 but thermal analysis and powder patterns
showed that there was stlill considerable trichloride present.
Finally the best lower chlorlde samples were grown by means
of the temperature gradient methods mentioned in the experi-
mental seetion. Single crystals of the lower chloride up to
1/4" in length could be sorted from the bulk salt mixture;
varylng small smounts of bulk salt would sometimes c¢ling to
the crystals making the sorting difficult. The samplesg of
compositions GACl; gy, GdCl; gg, and GACly g7 resulted from
this technique.

The assignment of composition GdCl, 59,0.05 for the lower
chloride was made by the following reasonin;. In the powder
patterns the relative intensity of the strongest lower chlor-
ide line compared to the strongest trichloride line 1s 0.1 at
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GdClg 46, 1 &t GACly gg_o.0g, &nd 10 at GACly gp- At GACLy g1
all trichloride lines are gone. Evidently the effective
scattering power of the hkl plane(s) glving the strongest
trichloride line is of the order of twice that for the
strongest lower chloride line. Based on a pessimistic 10%
lower 1limit of detectlon for equal scattering powers, the
presence of ca. 5% trichloride in the lower chloride could
probably be detected. Since trichloride was not detected at
composition GACly g3, the lower 1imit would then be GdCly g4-
Now 1in the powder pattern for GdCl;, gg seven probable tri-
chloride lines are present. The hkl plane(s) represented by
the weakest of these seven lines probably has about the same
scattering power as the plane(s) represented by the strongest
lower chloride line. Based on an optimistic 3% limit of
detection for such a case, the weakest trichloride line would
not be seen unless there were at least ca. 3% trichloride
present in the GACl; gg sample. This would set the upper
composition 1imit at GdGll_é4 and establish the assigned com-
position at G5011.5939.05- In this argument 1t is assumed that
the absorption of X-rays by different mixtures of the chlor-
ides should be similar since the linear sbsorption coefficient
is not dependent on the chemical composition but only on the
elements in the mixtures. The limits +0.05 are the protable
limits; by assuming a libersl +0.03 ansaslyticasl error the max-
imum 1imlts of composition would be +0.08. The analyticel
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error 1s large for the chloride because of the small amount
of sample avaelleble at compositions GACl; g3, GdCl; gg, and
@GaCly .41 -

The symmetry of GdCl, g, as determined from the X-ray
powder patterns, is orthorhombic, with lattice constants 8.99,
7.22, and 6.72 %. The s0lid is 1solated as brassy or brown
crystals but when ground up it becomes & black fibrous mate-
rial. The GdCl; g 18 weakly attracted to a magnet; however,
magnetic susceptibillty measurements show only that it is
paramagnetic. Resistance measurements on single crystals
1/8 to 1/4" in length using a vecuum tube volt meter gave
resistances of ca. 1 x 107 ohms.

The best value of the incongruent meltiné point for
GdCly g 1s 632° by coolling curves. This value is highly
dependent on the cooling rate, the slowest rate giving the
highest results. No phase treansitions were observed down to

135°.
B. Gedolinium (III) Iodide-Gadolinium System

In this phase diagram the existence of a stable solid
lower halide of epparent stoichliometry near G4Io 1s probably
most noteworthy. Efforts to obtain a relatively pure di-
lodide were partially frustrated by the closenss of the
peritectic temperature at 831° to the eutectic temperature at

825°. Desplite extreme precautions the'equilibrating samples
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would evidently temperature cycle above the peritectic temper-
ature causing sny diiodide which had been formed to dilspropor-
tionate to finely divided metal and melt. Finally tho compo-
sition GAI, ;3 was reached by equilibrating trilodide and
excess metal 5° to 10° below the spparent eutectic temperature
at 825°. Strangely, the eutectic haelt was then observed at
temperatures as low as 808° upon cooling from the equilibra-
tion temperature. Witn contlnued equilibration this tempera-
ture halt gradually got smaller and finally practically
disappeared while the dilodide transition halt at 670° grew
larger.

The sssignment of composition 6dIp,440.04 for the lower
lodide was made as follows. The powder patterns showed no
dliodide lines for compositions down to GdI, g4; then the
strongest dilodide and triliodide lines were of equal intensity
near composition Gdl, 55; and, finally, at GdIp ;3 the tri-
iodide lines were almost gone. A plot of Iz/Io versus I7/Gd
for the stronger lines roughly indicated that triilodide lines
probably would not be detected at about GdI, - Hence the
effective scattering powers of the hkl planes represented by
the strongest trilodide lines are probably almost twice that
of the khl planes represented by the strongest diiodide lines.
Again based on a pessimistic 10% lower limit of detection for
equal scattering powers, the presence of 5-6% trilodide in the
lower iodide could probably be detected. Therefore if no
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triiodide 1s detectable ai GAdlp,gg the lower limit of composi-
tion would be GdIy gg- Then based on an optimistic 3% limit
of detection for the weakest of the triiodide lines detected
in GdIz.ll' the upper limit of composition would be Gdlg gg-
With the +0.01 analytical limits the maximum limits for the
assigned composition are +0.05.

- Qualitative supporting evidence is the fact that the
eutectic halt was first seen on cooling curves at Gdl, go, OT
at 19% of the eutectic composition; at GAI, 4, the eutectic
halt was practically gone, so if ca. 197 of the eutectic com-
position were present the lower lodide would be ca. GdIg, g3-

The dilodide 18 a bright brassy material which is
strongly attracted to a magnet. The preliminary magnetic
measurements show that there 1s some magnetic orientation but
probably not strong enough to indicate ferromagnetism. Re-
sistance measurements did not clearly differentiate between
metallic or non-metallic character. Some polycrystalline
pleces ca. 1/4% in dlameter of different samples of composi-
tions from GdIy g to GAl, 3 would typlcally show gross
resistances as low as 30 ohms between certaln points but as
high as lO5 ohms between other points. Since they were highly
segregated samples, with the brassy dilodlide scattered
throughout the bulk grey salt, the low value may be & reason-
able value for the diiodide. The most reduced sample of

GdIg, 11 composition gave a relatively uniform resistance of
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4 ohms between all points contacted on a plece 3/4"

1-3 x 10
in dismeter. ©Since the resistance 1s well less than would

be expected for an insulator 1t confirms at least some degree
of electronlic conduction. Two factors could contribute to a
higher resistance than expected for a truly metallle dilodide.
First, the contact resistance could be appreciable as with
the light rare earth metal diiodides (29, 48). Second, the
GdIz.ll sample was very homogeneous in appearance so the

ca. 11% trilodide uniformly distributed through the sample
could cesuse the nlgh resistance. The Gdl, has hexagonél
symmetry with lattice constants a, = 8.67 and Co = 5.75 3.

The Gdlz melts at 951° and exhibits a halt at 740° which
is evidently due to a previously unreported phase transition.
Efforts to quench in this & -phase falled.

There 18 a portion of the dlagram which remains unex-
plained. This is the halt, or halts, in the 840°-850° region
to the left of the eutectic. With a given sample at least one
halt and often two halts were observed in this reglon; they
were not large but were about the same slze as liquidus halts.
If the halt (or halts) was due to the formation of a peri-
tectic~-type compound, then samples of composition to the left
of the compound when equilibrated between the eutectic (825°)
and peritectic (840°-850°) temperatures should not show &
eutectic halt on cooling. Also, either the powder patterns

should show the presehce of a new compound or a disproportion-
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ation halt should be observed. However, no powder psttern
evidence was found for a new compound; no disproporticnation
halt wes obsérved; and, except for compositions where the
eutectic halt was very small, the eutectic halt could not be
"equilibrated away'. Similerly, compositions to the right of
the compound when equilibrated telow the peritectic tempers-
ture should not show the trilodide trensformation helt at
740° on cooling; 1f the 740° halt is observed then = diepro-
portionstion halt should te seen somewhere between 740° eand
840°. In fact the 740° halt was e2lweys observed and no dis-
proportionation halt appeasred. The possibility remeins that
the 850° halt is a peritectic halt due to formetion of en
intermediste phase which then disproportionetes st 840°.
Attempts to isoleste such a phase by quench experiments feailed.
A final possibility is that the halt (or halts) is due to an
Induced transformetion in the triiodide. However, samples
with 1 and 2 mole % metal in the triiodide failed to exhibit
either halt.

Finally, in phsse diegrems of this type the possible
solute species can sometimes be inferred by calculating the
cryoscopic number from the slope of the lidquidus curve snd
the known AﬂHfus.(st)» Alternately the AﬂHqu'(MXS) can be
calculated 1f the solute specle is known. In the GAIz-Gd
system & tentstive value of n = 2.1+ 0.1 can be calculated

if a ‘AHfus.(GdI3) value of ca. 12 kcel./mole is used. This
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i1s based on a speculatlve extrepolation of limlited ASe,q.
data for Lalg, CeIS, PrIS, and NdIs.* The most reasonable
solute species GA*2 and Ga*J + 3¢~ voth have n = 3, if the

electrons are cryoscopically active. Other possible solutes

are Gd" with n = 1.5 and 6d° with n = 1. Then n = 2.1 indi-
cates & uwixture of solute species or the formation of solid
solutions. However, no other evidence of solid solutlons

was found.
C. Yttrium (III) Iodide-Yttrium System

Tne most notable feature of this system is the lack of
a s0lid lower phase, in contrast to Lelz-La. Equilibrations
of metal and trilodide at temperatures just ebove thzst of
the eutectic st 948° confirm the results of cooling curves
that indeed there is no lower iodide. Nevertheless there is
considerable solublllity of the metsl in the molten trilodide.
The eutectic composition was 11.6 mole % Y at 9480, end the
1imit of solubility was 14.7% 2t 1150° and 12.1% ot ©88° by
equilitrstion.

A phase transformation, previcusly unreported, was de-
tected in the YIs at 9780, which 1s sbove the previously

reported YIz melting point (42). The halt wes well pro-

*A. 5. Dworkin and M. A. Bredig, Osk Ridge Nationel
Leboratory, Osk Hidge, Ternn., "Entropy of Fusion Date for
Certein Lanthenide Halides," private communication (19862).
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nounced on voth the T and AT curves on cooling curves of two
separate sam;les. Samples equilibreted between 978° and 997°
end then quenched were O(—YIS, so the A-» & trensition must
be relatively rapid.

By using n= 3, n= 2, and n=1.5 the‘Afﬁvs.(YIa) cean
be estimated as 31.9, £1.5, or 15.8 kea2l./mole respectively.
Therc is no experimental or estimated ‘AHfus.(Ylg) to compare
with these values but certainly the 31.9 kcel./mole for

n = 3 would not be exXpected.
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IV. GENERAL DISCUSSIQN OF RESULTS
A. Discussion of the Formetion of Lower Halides

The formation of & solid dihelide can be expressed by the

reaction
“iX5(11q. soln.) * M(g) = 3MXg(q)
The heet of this reaction bssed on a Born-Haber cycle is
A5 = 3U(3x,) - 2lU(x5) *Arug. (uXg)) *sub. (1)
+ (I; + I, - Ig) - RT
for a truly reduced dihelide. For a metallic dihalide
A = 3 feze-(x-)7 ~ ElU(uxg) * Arus. (ux5))
+ AHgup () * (I, + Ip + IS) - RT .

Salt-like dihslides are favored by high U(MXZ)’ ‘aHfus.(st)’
and-15 and by low U(hxs): AsHsub.(M)’ Il’ and I,. Metallic
dihalldes are fevored 1ln the same way except that Iz should
te small ratner than large. The largest quantities, end thus
proceply the most lmportant, are the lattice energies and the
ionization potentials (e.g. U%heoretical for GdClz has been
estimated as -1053 kcal./mole and the estimated sum

+ I + Iz + AH )y for Ga is 987 kcal./mole (49),

51 sub. (K
while the AHy,, for Gd is 7% kcel./mole (43) end the esti-
mated AHp,q, for GdClz is 7 kcel./mole (50)).

kost of these quantities are unknown for the rare esarth

metals. The second and third ionizstion potentiasls are
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especlally hard to determine. The heat of vaporizetion of the
metal and the three lonization potentials are however known
for yttrium (43, 51). Since I, I, end I3z are 21l low their
effect would be to favor a metallic diiodide rather than =
salt-like dilodide although neither is actually formed. The
heat of vaporizetion for yttrium metal 1s high but not as high
as for lanthanum and cerium (43), which both form metallic
diiodides. Unfortunately, however, nothing is known about

the lattiée energies of the yttrium triiodide or hypotheticsl
dilodide. If the metallic diiodide lattice energy is highly
dependent on some critical cation/anion radius ratio it may
well be that the heavier (and smaller) lanthanides may not
form metallic diiodides either.

For gadolinium only the heat of vaporizetion of the
metal (43) and the first ionization potential (51) esre known.
The sum of Iy, Iz, 13, and ‘AHsub.(Gd) has been estimated
(42). Therefore little can be saild about the dilodide except
that it exists and seems to be metallic. A cereful deter-
mination of its magnetic moment would be the most direct way
to determine the gadolinium oxidation state.

The existence of solid Gd011.6 can only be described ss
surprising at thlis stage of our knowledge. The gross resist-
ance measurements indicete thet it is & truly reduced helide
and not & metallic halide. A czreful determinzstion of the

magnetic susceptibllity will help determine the actuel oxida-
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tion state(s). If it is an ionic, reduced halide then it
shatters the tradition of the high stability of the £’ con-
figuration (e.g. for aa*>) being the only consideration for
procable oxidatlion states for lanthanides near gadolinium.
dere there are obviously other overriding thermodynemic fac-
tors. The overworked statement commonly used that certain

lons are stacle just because they are gpproaching the f7

configuration should certainly be discarded.

The three blg questions sre what statilizes the Gd011_6,
why the unusual stoichliometry, and why is there such small
solubllity of the metal in the molten salt? The existence of
the solid lower chloride and low solubility of metsl in the
melt would seem to Pe mutually contradictory. Evidently the
GdCll.6 lettice energy 1s very high and of a2 special nezture
not possitle in the liquid. Speculation regarding the nature
of the forces contributing to this high lzttice energy must
awalt further experimentsl informetion. The low concentra-

*e in the molten chloride could be related

tion of Gd* or Gd
to 2 high l&Hqu.(Gd011.6), e.g. the location of the eutectic
neer GdClz could indicate thet the inherent, hypothetical
melting point for GdCll.e should bte much higher than that of
the trichloride.

The free energy of the resction

.53Gd013(1) + .47Gd(s) = GdC11.6(s)

was calculated from the liquid composition at the peritectic
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temperature at 632° to be only -4z cal., assuming unit activ-

ities for tne solids end an ideal solution.
B. Proposals for Future Research

The magnetic moments of the GAI, and particularly the
GdCly g should be determined to aid in the assignment of
oxidzation states. A single crystal X-ray study may be the
best way to resolve oxidstion state assignments, moleculer
welght, and reasons for the stabllity of the GACly 4.

The nature of the magnetic coupling in the GdIp may be
of interest to those working with magnetic phenomena but it
is not of immediate interest to the study of metal halide-
metal systems.

The nature of the unexplained thermzl helts in the
GAIz-Gd phase dlagram might be revesled by a high temperature.
X-ray investigation. This technique could also be used to
determine the high temperature forms of GdIz, GdIz, and YIS.

Electrical conductivities of the melts would be helpful
to indicate the mode(s) of solution. Eventuelly the solution
theories must explain this conductivity with regerd to both
structure and mecheanism. The GdIz-Gd melt would be expected
to be similer to the electron conducting Lalz-La and CeIz~Ce
melts, and 1t would be interesting to know the extent of elec-
tronic conduction in the YIz-Y melt. The low metal solublility

in the GAClz-Gd system would make it a poor system to study
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Phase diagranms of the halides of the remaining rare earth
metels should be determined. Certeinly not enough is known
vyet to predict what they will look like. The trend for the
solublility of the light rare earth metals in their molten
chlorides would indicate that the solubility of the metal
should increase from gadolinium to lutetium. The smell solu-
bility of gadolinium in its molten trichloride indicates that
this solution behavior may go a2s predicted. On the other hand
the formation of so0lld lower chlorides ceannot be predicted.
Since solld GdCly g exists it 1s not impossitle that other
solid lower chlorides of unususl stoichiometry may exist.

The estimeted lattice energy for LClz increases regularly

from LaClz througn LuClz, but the same should be true for
lower cihlorides froa gadolinium to lutetium unless & struc-
ture change causes & large change in the kMadelung constent

or in other ways affects the thermodynamlc lattice energy.
Similar lattice energy considerations would apply to the
diiodldes keeping in mind tne differences between metsllic and
ionlc diiodides.

Finelly, even the nature of the GdBrz-Gd ochese diegram
cennot ce predicted except thset the metal solubility in the
melt will probably be between 2 and 14%. The possible exis-

tence and nature of a2 lower bromlde is debatatble.
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VII. APPENDIX

Table 3. X-ray powder diffraction data for GAClq g

d (obs.) d (cale.)
2 ] hkl Intensity®

Lattice constants: &, = 8.98 3, by, = 7.22 3, Cy, = 6.72 %

§.97 ‘ 8.96 100 2
722 7.22 010 4
4.95 4.92 011 1
3.78 3.61 210 L1
3.74 201
3.377 3.368 00z 2
3.300 3.317 £11 L1
3.128 3.150 102 1L 1
3.043 3.047 Olz L1
£.996 £.998 121 LL 1
2.997 300
2.898 £.686 11z LL 1
£.753 £.768 310 LL 1
£.736 301
£.698 £.69% £0% L1
£ 464 2.4 59 0z2 10
£.358 Z.373 122 3
£.251 £.245 400 1
2.042 003

8L 1 means less than 1 and LL 1 means much less thsen 1.



Table 3. (Continued)

da (obs.) d (cale.)
hkl Intensity

Lattice constants: a, = 8.98 3, by = 7.22 i, Cy = 6.72 3

£.12d £.131 401 1L 1
2.1l2c <30

1.985 £.005 203 1
1.256 032

1.89% 1.201 322 L 1
1.878 330

1.729 1.805 040 1
1.796 500

1.71¢ 1.711 141 ' L1

1.647 11.652 104 LL 1
1.643 430
1.640 033

1.831 1.637 014 L1

1.570 1.873 204 LL 1
1.5867 142

1.546 1.849 0lz2 1L 1
1.547 340
1.540 233

1.526 1.523 04 LL 1
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Tatle 3. (Continued)

d (obs.) d (cale.)
3 2 hxl Intensity

Lattice constants: &, = 8.98 3, by = 7.22 3, e, = 6.72 X

]
1.458 1.50c 124 LL 1
1.49¢ 24c
1.408 600
1.450 1.451 o22 LL 1
1.434 1.439 333 LL 1
1.438 314
1.433 611
1.266 1.272 630 LL 1
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Teble 4. X-ray poof powder diffraction dsta for Gd12

d (obs.) d (cele.)
2 2 nxl Intensity °

8.67 &, ¢, = 5.75 &

Lattlice constants::s: &

0
7.43 7.51 100 3
3.759 3,754 £00 1
2.875 2.875 002 7
£.498 £.50% 300 8
£.285 Z.283 20% 2
£.033 £.027 22l 1
1.878 1.877 400 10
1.852 1.850 31 2
1.577 1.568 213 1
1.577 411
1.380 1.378 421 4
1.287 1.291 332 L1
1.28% 214
1.281 323
1.274 1.272 42z 5
1.217 1.2253 601 LL 1
1.221 512

aL 1 means lestiless than 1 and LL 1 means much less than 1.
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