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The binary system Fu-Eu,0; has been examined in detail over the composition range EuO to Eu,0; at 1500°C.
Only three oxide phases were found: EuO, Eu;0,, and Eu,0;. Both EuO and Eu;0, exhibit very narrow com-
position limits, while the monoclinic sesquioxide is stable over the composition range EuQO, 45 to EuO, 5, at
1500°C. The melting points found for the three phases were 1900°C for EuO, 2000°C for Eu;0, and 2300°C for
Eu,0;. Europium was quantitatively extracted from EuO by reaction with platinum in sealed capsules at 1500°C,
which resulted in the formation of an intermetallic phase plus a higher oxide of europium. The most europium-
rich intermetallic phase found in these studies, EuPt,., has the fcc MgCu, structure and is stable over the com-
position range EuPt, , to EuPt; 5 at 1500°C. Besides EuPt;, two phases were encountered in the Eu-Pt alloys
which contained more than 75 at.%{ Pt. These are tentatively designated as Eu,Pt, and EuPts. No crystalline
phases other than the sesquioxides were found in the Sm-Sm;Oj3 or the Yb-Yb,0j; systems.

1. Introduction

Brauer (/) has reviewed the structural and solid
state chemistry of the lanthanon oxides, and West-
rum (2) has reviewed the thermodynamics and
magnetic properties of the oxides and other chalco-
genides.

When the work reported here began, the
Eu-Eu,0; system had not been clearly defined.
Although the oxides Eu,0;, Eu;0,, and EuO had
been reported and their structures described, the
possibility of other intermediate phases in the
system still remained (3-7). However, it has since
been established (8) that no other phases exist in
this system. Significant ranges of stoichiometry have
been reported for EuO (9) and Eu,0; (cubic) (10).
The results reported here confirm the findings of
Ref. (8) and present new data on the composition
ranges of these oxides.

Optical and X-ray examination of samples
prepared by metathetical synthesis in sealed con-
tainers indicated that EuQO, Eu;0,, and Eu,0; were
the only stable oxides in the Eu-Eu,0, system.
However, there had been some uncertainty about this
conclusion due to interference by tantalum con-
tamination in some of our early experiments. An

* Work performed under the auspices of the U.S. Atomic
Energy Commission.

investigation involving controlled quantitative ex-
traction of Eu from EuO single crystals was devised
which unambiguously established the number of
phases present in the range EuO-Eu,0; and pro-
vided data on the stoichiometries of these phases.
Europium was removed from EuQ through the
vapour phase by equilibration with platinum in
sealed containers at 1500°C. These experiments
also provided new information on the Eu-Pt
system.

We applied the techniques and facilities previ-
ously used in studying the reduced europium oxides
to investigate the possible stability of divalent or
other reduced oxidation states of samarium or
ytterbium in oxide systems. SmO, Sm,0, and YbO
had all been reported (/1-15). We were interested
in characterizing these phases if possible and in
comparing the samarium, europium, and ytterbium
systems. Brauer et al. have reported that reduced
oxidation states of Sm and Yb could not be pre-
pared in binary oxides at temperatures up to 800°C
and that the divalent ions could not be stabilized
even in solution with SrO or CaO (I6). Felmlee and
Eyring have reported that the substances previously
identified as Sm,0 and SmO were actually SmH,
and SmN,_,O, (7). McCarthy et al. have also
reported that divalent Sm cannot be formed in
titanates and is probably not stable in any oxide
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system (/8). Fishel et al. have reported the prepara-
tion of mixtures of YbO plus Yb,0, by the reaction
of oxygen with Yb dissolved in liquid ammonia at
—33° to —78°C (19). Our results, which include
observations from reactions carried out at tempera-
tures up to 2100°C, confirm that, in the binary oxide
systems, reducing conditions at high temperatures
lead to no new phases in which Sm or Yb are in
reduced oxidation states. Reduced sesquioxides
Sm,0,_, and Yb,0;_, were found. Similar reduced
lanthanon sesquioxides have been reported and the
oxygen deficiencies shown to be due to vacancies in
the oxygen sublattice (/9). Our measurements show
that the oxygen deficiency in Yb,0;_, is approxi-
mately the same as that reported for the other re-
duced lanthanon sesquioxides.

2. Melting of Eu,0,

Eu,0; was melted in both tungsten and iridium
crucibles. We used an induction furnace with a
shielded tungsten susceptor. Temperatures were
measured with a disappearing-filament optical
pyrometer sighted through a prism and window into
a hole of 1-mm diam in the lid and upper shields.
Prism and window corrections were applied. The
crucibles were not sealed, but they had close-fitting
covers, and an argon atmosphere was used to repress
vaporization. The starting material was nominally
99.99%, Eu,0; which had been previously heated in
air for several hours at about 1200°C in a
platinum crucible and then stored in a desiccator.
The oxide is monoclinic, colorless, and highly bi-
refringent.

On heating to 2270°C in a tungsten container, the
sample melted and reacted with the crucible, produc-
ing a noticeable recess in the wall at the meniscus.
This behavior is typical for reactions involving a
gaseous product of the container material such as
WO,. The europium oxide product appeared dark in
color and contained small red crystals of Eu,0,
uniformly dispersed throughout. A sample heated to
2280°Cin an iridium crucible also melted. There was
no evidence of reaction with the container; however,
enough oxygen was lost (presumably by vaporiza-
tion to yield a product which contained a significant
amount of Eu;0,. Another sample heated in iridium
to 2300°C appeared to have been only partly melted.
Samples heated to 2250°C showed evidence of liquid
formation only around the Eu;0, inclusions. We
maintained the samples at maximum temperature
only for a few minutes because of rapid vaporization
losses. This and the temperature gradients which
were unavoidable even in the well-shielded crucible
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used for a susceptor leave some doubt about the
accuracy of the melting point measurements. We
can only estimate the melting point to be in the
range 2250-2350°C.

Our observations of the melting of Eu,0; were
therefore not precise enough to confirm either the
value of 2240 + 10°C given by Schneider (21) or
of 2330°C by Foex (22), but agree with the values
near 2300°C as opposed to 2000°C reported by
Mordovin (23). Schneider determined the melting
point in air using an iridium container. Foex’s
measurement was also in air, using a solar furnace
and Mordovin’s measurement was in argon under a
pressure of 3 atm.

Except for the presence of Eu;0, inclusions, the
optical properties and X-ray diffraction results for
the melted Eu,0, were identical to those for the
starting material. The X-ray powder patterns cor-
responded to the ASTM data (24).

3. Synthesis and Melting of EuQ

The starting materials were Eu,0; (described
above) and nominally 999, europium metal in
ingot form. The europium ingot was handled in a
steel glove box which could be evacuated to 3 x 1076
Torr and filled with dry argon. A steel chisel was
used to cut pieces of europium from the ingot as
required after scraping off the surface coating.
Normally, a clean europium surface would retain
its shiny metallic appearance for several hours
in the glove box before developing a noticeable
tarnish.

Although a number of procedures have been
reported for preparing EuO, most of them yield a
product of questionable purity (6, 12, 25). We
avoided methods which used a metal other than
europium as a reducing agent, methods for which
the stoichiometry could not be closely predeter-
mined (such as reduction by carbon), and methods
requiring difficult procedures or specialized equip-
ment.

We prepared EuO by reducing Eu,0, with
europium metal in sealed, evacuated molybdenum
crucibles. Reactions carried out even at moderately
low temperatures in silica yielded products con-
taminated with silicate [see also Ref. (6)]. Reactions
carried out in tantalum containers at temperatures
high enough to melt EuO (~1800°C) resulted in
products which were contaminated by tantalum.
The tantalum was found in two different forms.
One was as an unidentified crystalline material
thought to be a complex oxide, which was trans-
parent, red or brownish in color, and birefringent.
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Tantalum was also found (by electron microprobe
X-ray analysis) to be finely dispersed in the EuO
probably as precipitated metal which may have been
in solution at higher temperatures. The occurrence
of dispersed tantalum in EuO prepared in tantalum
containers has also been reported by Guerci and
Shafer (26). Samples of EuO which had been heated
to 1880°C in tantalum were found to have melted.
Of two samples heated to 1800°C one melted and
one did not.

EuO was prepared without troublesome side
reactions in molybdenum capsules using an excess
of europium metal. Samples were prepared by
weighing the desired amounts of sesquioxide from
the desiccator into capsules and transferring them
into the glove box. The appropriate amount of
metal was weighed on a torsion balance of £10 mg
accuracy and added to each of the capsules. After
the lids were pressed on, the capsules were placed in
previously weighed bottles which were capped and
removed from the box. The final weights of the filled
capsules were then determined on an analytical
balance without exposing the samples to the ambient
environment. After weighing, the capsules were
placed in a vacuum system which was then pumped
out to 1073 Torr. The capsules were left in the
vacuum overnight to allow evacuation and then were
sealed by electron beam welding (EBW).

A sample heated to 1870°C resulted in a compact
product of EuO which had not melted. The excess
europium metal was found primarily at the bottom
and sides of the capsules. Samples heated above
1990°C and cooled at about 70°C per hr resulted in
EuO boules containing large crystals which had
grown from a melt. Excess metal was found at the
bottom and sides of the boule and in the grain
boundaries.

Most of the EuO taken from several such prepara-
tions was then crushed, remelted in a sealed molyb-
denum container, and cooled slowly. About 1.5%;
Eu was added to ensure that the overall composition
would remain on the metal-rich side of EuO. The
europium excess in the final product is estimated to
have been from 1-5 %, by weight. From this prepara-
tion we obtained single crystals of approximately
1 cm3. There was no visible excess europium metal
in this sample, but the surfaces of uncleaved crystals
tarnished in air over a period of several months,
probably due to the presence of europium metal in
the grain boundaries.

These results are consistent with those of Guerci
and Shafer (26). However, we believe that as yet
there is not enough evidence to conclude that EuO
melts peritectically, as they suggest, rather than
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congruently. We estimate the melting point of EuO
to be 1900 + 50°C, in agreement with the value
suggested by Shafer (9). X-Ray powder diffraction
analysis of this material gives a lattice parameter,
a=5.14, 4 0.005 A for the NaCl type structure, in
agreement with prior reports.

i EuO crystals are dark reddish-violet in color and
are opaque to visible light even in thin sections with
the most intense illumination available on our
microscope (a mercury discharge lamp).

4. Synthesis and Melting of Eu,O,

Attempts to prepare pure Eu;0, from mixtures of
EuO and Eu,0, in sealed tantalum containers were
unsuccessful. Extensive reduction occurred due to
loss of oxygen by solution into the tantalum. This
reduction resulted in products containing large
excesses of EuQ. A preparation heated to 1820°C
had completely melted. The product was principally
EuO, containing some Eu;0, with minor amounts of
two or three other unidentified phases. The latter
were lightly colored, transparent, and birefringent.
They were coprecipitated with the Eu;0, in banded
eutectic-like structures. These materials may have
been complex europium-tantalum oxides.

A small sample of Eu;0, (0.4 g) was prepared by
heating an equimolar mixture of EuO and Eu,0;
(actual O/Eu=1.331) to 2135°C in a sealed (by
EBW) iridium crucible. The uncertainty in the
initial oxygen—europium ratio is estimated to be
about 1 ppt, due primarily to the uncertain compo-
sition of starting materials. The product had melted
completely. Examination with a polarizing micro-
scope showed the product to consist primarily of
transparent, very dark-red crystals which were
birefringent, appearing bright red under crossed
polarizers. Very few bright, white, birefringent
crystals were also seen in the sample, indicating the
presence of a trace of Eu,0,. X-Ray powder diffrac-
tion patterns agreed with the results reported by
Birnighausen and Brauer (5) and Rau (6, 27) for
Eu;0, (orthorhombic).

A larger preparation (15 g) was made by heating a
mixture of EuO and Eu,0; (O/Eu = 1.333) t0 2050°C
in an iridium container and cooling at 40°C per hr.
We were unable to make a leak-tight weld on this
container, but the heating was done in an argon
atmosphere to retard vaporization of the sample.
The product completely melted. It consisted of
relatively large Eu;0, grains (~1 mm?) with traces
of Eu,0; concentrated at the grain boundaries.
Although there was no visible sign of reaction
between the sample and the container, there may
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have been some loss of europium by vaporization,
yielding a product slightly more oxygen-rich than
the starting material. Part of the product was ground
and reheated to 1920°C in a sealed iridium capsule;
no sign of melting was observed. A portion of the
product was heated to 2140°C in a sealed molyb-
denum capsule and cooled rapidly. The product,
which had completely melted, consisted of Eu,0,
with traces of Eu,0;, and was identical in appearance
to the original material that had been cooled slowly.
We could detect no sign of reaction with the con-
tainer. Reheating in a sealed molybdenum container
for 8 hr at 1625°C had no detectable effect on the
sample. These observations indicate that the Eu,0,
resulted from a slight excess of oxygen in the sample
rather than from disproportion by a peritectic
reaction.

We estimate the melting point of Eu;0, to be
2000 + 100°C. Part of the uncertainty in this figure
is due to the fact that in some of the heatings the
shielding was deliberately rearranged to establish a
large temperature gradient (~80° from top to
bottom) to facilitate crystal growth. Results from
preparations in tantalum indicate the possibility of
peritectic melting. The experiments in iridium
and molybdenum do not support this conclusion
but neither do they provide direct contradictory
evidence.

5. Investigation of Other Compositions Between
EuO and Eu,0,

Several compositions between EuO and Eu,0,
were heated in sealed iridium or molybdenum
containers in conjunction with the preparation and
study of Eu,0,.

Mixtures with oxygen—europium ratios of 1.051,
1.093, and 1.401 which were prepared from EuO and
Eu,0, and then heated to 1970°C in EBW-sealed
iridium capsules had completely melited. The
samples with O/Eu = 1.051 and 1.093 showed evi-
dence of reaction with the containers. The metallic
reaction product was not identified. The major
oxide phase in the products was Eu;0,, with some
opaque material (probably EuQ) detectable by
microscopic examination. X-Ray diffraction analysis
showed only Eu,0,. The sample with O/Eu = 1.401
apparently did not react with the container. The
product in this case consisted of approximately
equal amounts of Eu,0; and Eu,0, with no other
phase detectable either by X-ray or optical analysis.

Samples with oxygen—europium ratios of 1.17
and 1.25, prepared from Eu;0, and EuO, were
heated to 2140°C in sealed molybdenum capsules
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and cooled rapidly. There was no indication of
container reaction; Eu;O, and EuO were the only
phases detectable in the products by X-ray and
optical analysis. The samples had been completely
melted. The products were resealed in molybdenum
capsules and heated to 1800°C for 8 hr without
effect.

The X-ray powder diffraction patterns of Eu;0,
were identical within our precision for samples
prepared with either excess oxygen or excess
europium, as were the qualitative optical properties.
The existence of Eu;O, in the presence of either
EuO or Eu,0; and the failure to observe any other
phases is in agreement with other recent reports
on this system (6-8).

The presence of Eu,0; in samples very close to the
ideal composition for Eu;0,, and the concentration
of the Eu,0; in the grain boundaries of Eu;0,
preparations, indicate that the deviation from stoi-
chiometry of Eu,0, is very small on the oxygen-rich
side. The appearance of the crystallized samples
indicated that the stable composition range for
Eu;0, is probably narrow even near the melting
point. Even in rapidly cooled samples, the Eu;0,
crystals did not appear to contain inclusions of
EuO or Eu,0;.

6. Study of the EuO-Eu,0, System by the
Removal of Eu from EuQO at 1500°C by Platinum

In order to confirm the absence of compounds
other than Eu;0, between EuO and Eu,0,, as well
as to investigate in more detail the stoichiometry of
these three oxides, we studied the distribution of
europium between the oxide phases and intermetallic
phases in the Eu-Pt system at 1500°C.

EuO single crystals weighing from 100-400 mg
were sealed by EBW into molybdenum capsules,
along with pieces of chemically pure platinum wire
weighing 6 mg to | g. In the first experiments, the
platinum wire was suspended from molybdenum
wire holders to avoid physical contact between
the platinum and the oxide. Subsequently, several
runs were made in which a tungsten-lined molyb-
denum cup was used instead of the molybdenum wire
to contain the platinum. This is the configuration
shown in Fig. 1. Unfortunately, we did not have
enough single crystals for the later runs. Therefore,
we used dense pieces of polycrystalline EuO from
the same preparation used for the previous work.
The sealed capsules were heated at 1500°C for about
5 hrand cooled quickly. About 1.5 min were required
for the temperature to fall below 700°C. In the
second series we did not use a quench gas and the
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FiG. 1. Sample configuration for extraction of europium
from EuO by platinum. The protective cover prevents molyb-
denum particles from falling into the container when the
capsule is opened. Early runs were made with Pt wire hung
directly on the Mo wire stand.

samples cooled more slowly, falling below incan-
descence in 5-10 min. After cooling, the capsules
were broken open to recover the oxide and platinum
samples. Both the oxide and metallic products were
weighed to determine their final compositions.
The product oxide phases were recovered intact
and had the same size and shape as the starting EuO
crystals. There was no evidence of vapor transport
of oxide within the capsules nor of mechanical losses
of oxide in transfers or recovery. After examination
with a low-power microscope, the oxide products
were cleaved and examined further. The two-phase
oxide products consisted of a central core of the
lower oxidation state phase surrounded by an outer
shell of the higher oxidation state phase. The
boundaries were very sharp with no gradation in
properties detectable. Samples were taken from the
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inner and outer phases for X-ray diffraction and
examination with the polarizing microscope. The
X-ray and optical properties of the products of
these experiments were identical to those described
above for EuO, Eu;0, and Eu,0;. The results
showed unambiguously that the only stable oxides
in this system at 1500°C are the three mentioned
above.

The samples changed as the initial ratio of plati-
num to EuO was progressively increased. At lower
ratios (Pt/EnO < 0.5), not enough europium was
extracted to increase the overall oxygen—europium
ratio in the product oxide phase to 4/3. In these
samples a dense layer of polycrystalline Eu,0,
was formed on the external surfaces of the EuO
crystal. When the platinum—~EuO ratio was further
increased so that more than one-fourth of the
europium was extracted from the oxide, the product
was a homogeneous, dense, polycrystalline core of
Eu;0, with an outer layer of Eu,0;. With continued
Eu extraction from the oxide, the outer layer of
Eu,0; became progressively thicker. However, the
outer layers were not pure Eu,QO;. Small red crystals
of Eu,0, were uniformly dispersed in these layers.
When enough platinum was added to give an oxide
product with an oxygen—europium ratio of 1.45 +
0.01 or more, the Eu;04 core was absent and the
product was Eu,0; containing small crystals of
Eu;0, uniformly dispersed throughout.

The metallic phase products were examined with
a microscope and by X-ray diffraction. For runs
in which the platinum-europium ratio of the product
was 3.45:1 or less, the surfaces of the products were
very rough, and relatively large (0.05 mm) plate-like
crystals had developed. There was no evidence of
liquid formation and the platinum phase-molyb-
denum or tungsten interfaces were sharp with the
interaction confined to very small regions at the
points of contact between the sample and holder.
In most cases there was no mechanical bond or a
very weak one between sample and holder. The
samples with Pt: Eu of 3.69 and 5.21 had completely
melted. The platinum phase wetted the molybdenum
and was strongly bound to it; however, the boundary
observed under the microscope was very sharp with
no evidence of reaction or corrosion of the original
molybdenum surfaces. The samples with higher
platinum-europium ratios were similar but had only
partly melted. They retained the basic form of
the original wire, and were smooth with coils stuck
together by the crystallized liquid phase. The liquid
phase is probably due to a eutectic reaction below
1500°C between platinum and the platinum-rich
intermetallic compound.
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Although the solubility of molybdenum in plati-
num at 1500°C is high, and intermetallic compounds
of molybdenum and platinum are known (28), we
believe the interactions of platinum with the con-
tainers did not have an important effect in this
experiment except for the samples where a liquid
phase was formed. This judgment is reinforced by
the agreement between the first runs and the later
runs in which tungsten-lined containers were used
for the platinum. The solubility of tungsten in
platinum is high at 1500°C, but there are no plati-
num-tungsten intermetallic compounds. The solu-
bility of platinum in either molybdenum or tungsten
is small (28). Spectroscopic analysis of the EuPt; ,,
sample indicated that it was contaminated with about
200 ppm molybdenum. The presence of molybdenum
may have influenced the form and structure of the
platinum phases that were melted or partly melted,
but we think that even in these samples the platinum—
europium ratios are essentially the same as they
would be in the pure equilibrium Eu-Pt phases.
The molybdenum concentration in the products of
runs for which tungsten-lined containers were used
was about 30 ppm. Tungsten was not detected by
etther spectroscopic or X-ray fluorescence analysis
in any of the products.

X-Ray powder diffraction analysis of the plati-
num-phase products gave additional information.
The most europium-rich phase formed in these ex-
periments has the fcc MgCu, structure. The apparent
compositions of the products in equilibrium with
two-phase mixtures of EuO + Eu;0,, determined by
weight losses of the oxide crystals, ranged from
EuPt, g7 to EuPt, (4. The lattice parameters of these
samples were identical within the precision of our
measurements (+0.005 A), with a value of 7.72; A.
This indicates that they were all of the same compo-
sition as required by the fact that they were all in
equilibrium with the same two oxide phases at the
same temperature. The variation in the measured
compositions of the samples is significantly greater
than can be explained by the uncertainties in weigh-
ing (£0.19%-+19%). The weighted average of the
compositions of the intermetallic phase in equi-
librium with EuO + Eu;0, is EuPt, ¢510.04- The
experimental compositions were weighted by the
sample masses to account for differences in weighing
precision. The lattice parameter reported for EuPt,
by Elliott (29) is 7.731 A. The lattice parameter of
EuPt,,, decreases linearly with increasing Pt
concentration to a value of 7.62, A for EuPt, ,.
The dependence of lattice parameter on composition
for EuPt, ., is shown in Fig. 2. The results of Harris
(30) for EuPt; (MgCu, structure type) are inconsist-

117

7.75 | [
o<
A

[ I\I\
2 7,701 J °
€
5 £. 29
o a Ref,
T 76 e a0 X g
[§) er.
% l This work ¥I——l—
~ 7,60 ‘ ' |

1.5 2.0 2.5 3.0 3.5

Pt/ Eu Ratio

Fi1G. 2. The fcc lattice parameter of EuPt,,, versus com-
position, Data obtained from measurements of black reflec-
tion lines of Debye-Scherrer powder patterns taken with
CuK, radiation.

ent with ours, which show that the EuPt,,, solid
solution extends only to ~EuPt; 3.4.,. The lattice
parameter data indicate that the material Harris
prepared by arc melting had a composition of
about 68 at. 9 platinum (EuPt,_,;).

X-Ray diffraction results for samples with Pt: Eu
ratios higher than 2.8 are inconclusive. The powder
diagrams were either too poor in quality or too
complicated for complete analysis. Compositions
with Pt:Eu ratios of 3.17 and 3.45 appeared to be
two-phase mixtures of EuPt, ; and another phase
whosestructure and stoichiometry are undetermined.
Of the possible candidates for this phase, Eu,Pt,
seems to be the most reasonable. It is in agreement
with our equilibrium results, and preliminary single-
crystal results on specimens from the EuPt; 4
sample appear to be consistent with one of the
Ln,Ni, structure-types (37-34).

Powder patterns from samples of products with
Pt:Eu ratios of 3.69 and 5.21 were identical except
for a very weak Pt line in the EuPt ,, pattern. The
structure or stoichiometry of the phase producing
these patterns was not determined in this study but is
tentatively identified as EuPts. Results from single-
crystal studies of material from samples with Pt: Eu
ratios of 3.69 and 17.29 were consistent with single-
crystal results for EuPts reported by Bronger (35).
We were unable to find crystals in our samples that
were good enough for unambiguous structure
determinations. Professor Bronger has kindly
furnished a list of d-spacings for EuPts to be com-
pared with the unresolved patterns of this study.
Patterns from samples of EuPt, ., and EuPts ,;
agreed with Professor Bronger’s results for EuPt;
down to a d-spacing of 1.25 A, with the exception
of five very weak lines observed in our patterns.
X-Ray powder diffraction analysis of samples from
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TABLE 1

d-SPACINGS FOR UNIDENTIFIED PHASES FOUND
IN EuPt; 45 AND EuPt; 5,

Pt:Eu =3.45 Pt:Eu =5.21

d I, d 11
4.53, 15 4.57, 10
4.40,° 10 2.64, 15
2.83, 5 2.52 <5
2.69,% 10 2.45 <5
2.53, 5 2.27, 65
2.40 <5 2.19 100
2.304 60 2.13; <5
2.28, 100 2.09; <5
2.21; 15 2.015 <5
2.17,° 70 1.9¢° <5
2.15, 75 1.74 <5
2.11 <5 1.69, 5
2.01 <5 1.65 <5
1.944 10 1.58 <5
1.92¢ <5 1.52 <5
1.75.¢ 7 1.44, 10
1.69¢ 5 1.385% 5
1.52 <5 1.32, 10
1.50 <5 1.28; 35
1.47, 7 1.27, 5
1.46, 35 1.26, <5
1.43, 10 1.18° <5
1.42 <5 1.13.° 10
1.354 7 1.10, 15
1.34,° 30
1.30, 20
1.28,° 15
1.17, 7
1.14, 40

4 Spacings corresponding to fcc EuPt; 5.
& Spacings corresponding to Pt.

products with Pt:Eu ratios of 9.13 and 17.29
showed that they were mixtures of the phase identi-
fied above as EuPts plus platinum. The platinum
lines in these patterns were identical to those for
pure Pt, with no detectable change in lattice para-
meter. Since the only difference between the powder
patterns of EuPt, ¢q and EuPts ,, samples was the
presence of a very weak Pt line in the EuPts ,,
pattern, it would appear that EuPt; ¢, is mono-
phasic. A possible explanation is that a EuPts_,
solid solution is stable to substantially platinum-
deficient compositions, and the concentration of
Eu,Pt; in the EuPt; ¢ sample was too low to
detect by X-ray diffraction. Table I gives d-spacings
measured from patterns of sample products with
Pt:Eu ratios of 3.45 and 5.21.
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The results of the oxide-platinum equilibration
experiments are summarized in Table II. The pro-
duct compositions were calculated assuming that the
weight loss of the oxide phase resulted only from
europium loss and that all of this europium was
transferred to the platinum phase. Under the con-
ditions of our experiments, the europium gas pres-
sures were in the range 2 x 107°-107* atm (36, 37),
which were sufficiently high to allow the systems to
reach equilibrium in relatively short times. The
correction for the amount of europium in the vapor
phase in our capsules (~2 cc) at 1773°K was neglig-
ible compared to the total amount transferred. In
the first run listed in Table II (the worst case), the
correction would have been about 0.1 at.%;; in all
but the first three runs, the corrections would have
amounted to less than 0.02 at. 9.

Ideally, the europium transfer could be measured
both by the weight loss of the oxide and the weight
gain of the platinum which should be identical, but
in our early experiments we were unable to accom-
plish this ideal mass balance. In many runs the
platinum came in contact with the capsule and
could not be quantitatively recovered. Even in those
runs for which the recovery of the platinum phase
seemed to be quantitative, and in the runs in which
the platinum was placed in tungsten-lined cups, the
weight gain of the platinum was always slightly less
than the weight loss of the oxide. The discrepancy
secemed to be the largest for the samples which
contained the most platinum. Since the errors
amounted to only 0.05-0.5 mg (a few tenths of a per
cent or less of the platinum weights) the discrepan-
cies will not significantly alter the conclusions from
these experiments. In the later runs the results
indicated that the polycrystalline EuO starting
material may have contained excess Eu. For several
of these runs the composition of the oxide phase
product was determined by igniting the sample in
air to constant weight (about 60 hr at 1200 to 1300°C)
and measuring the weight gained on oxidizing to
Eu,0,. Weighings were made to +2 ug.

The quantitative results of the equilibrations are
illustrated in Fig. 3, where the oxygen—europium
ratios for the oxide phases are plotted against the
platinum-~europium ratios for the equilibrium
metallic phases. The lines in Fig. 3 are drawn using
the information from optical and structural (X-ray)
examinations of the samples as well as the compo-
sition data. The graph represents the locus of the
endpoint compositions of tie lines in the ternary
diagram and facilitates finding the compositions of
the binary compounds. Such a graph for a pair of
binary systems with a common component, which
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F1G. 3. Oxygen-europium ratios versus platinum-europium ratios for samples equilibrated at 1500°C.

form only binary compounds and no solid solutions
or ternary compounds, would consist of vertical and
horizontal line segments. Curved or sloped lines
might be obtained where the equilibria involved
solutions. These characteristics may be seen by
comparing Fig. 3 with the derived ternary diagram
shown in Fig. 4. The interpretation of results
presented here is based on the following assump-
tions:

(1) compounds and solid solutions may exist
in either binary system but there are no ternary
phases;

Eu Pt5

(2) the solubility of either of the noncommon
components in any phase of the other binary system
is negligible, i.e., there is negligible solubility of
platinum in any of the oxide phases or of oxygen
in any of the platinum-containing phases.

A vertical line is drawn in Fig. 3 at Pt:Eu = 2.02
corresponding to the composition of the platinum
phase in equilibrium with two-phase mixtures of
EuO and Eu,;0,. A limit to the range of stoichio-
metry for single-phase EuQO at 1500°C can be es-
tablished from the run with the lowest platinum-EuO
ratio. The EuO sample for the first run in Table 11

AV VANEL VAN V AUNE VN V AN VNV ] AVARNAY]

FiG. 4. A portion of the Eu-Pt-Eu,0; ternary diagram at 1500°C.

0 =EuO + Eu;04 + EuPt;_oz
V= EU3O4 + Eu;o;.go + EuPt;,lo
0= Eu;0s_, + EuPty,y

® = Eu;Oz_w + EuPt;.B + Eu;Pt:
v= EU203-y + EuPts_x

B = Eu;0;.9¢ + EuPt; + Pt
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initially weighed 272.26 + 0.03 mg; it lost 2.51 +
0.05 mg during equilibration and gave a product
with a uniform layer of Eu;0, covering the EuO
crystal. The calculated overall composition of the
oxide product (assuming a starting composition of
EuO, gg0) is EuO, ;0. The starting material was
europium-rich and the product was two-phase
EuO plus Eu;0,, so the composition range for EuO
at 1500°C must be <0.01. We are not able to set more
accurate composition limits because we do not know
how much free europium was contained in the
starting crystal and we did not remove and weigh
the Eu;0, from the crystal after the run. The narrow
composition range found here is contradictory to
the findings of Shafer (9). The lattice parameter of
EuO in the equilibration products which were oxy-
gen-rich was 5.14,, identical to the parameter for
europium-rich products. The color and appearance
in bulk and under the microscope were also the same
for hypo-and hyperstoichiometric EuO. The identity
of lattice parameters and optical properties of
hypo- and hyperstoichiometric material shows only
that these properties are consistent with a narrow
composition range. Wide ranges in composition are
possible without corresponding changes in lattice
parameters or optical properties large enough for us
to have observed them.

Another vertical line at Pt: Eu = 2.10 corresponds
to the intermetallic phase in equilibrium with two-
phase mixtures of Eu;O, and oxygen-deficient
Eu,0,_,. The limits for the stoichiometry of
Eu;0, provided by the samples with oxide products
of O:Eu=1.31 and 1.35 are far beyond the actual
values. Both of the above samples contained sub-
stantial amounts of second-phase material (either
EuO or Eu,0;_,). The range on the oxygen-rich
side was shown to be very small by the synthetic work
discussed previously. The absence of dispersed
second-phase precipitates in the bulk material, after
quenching from equilibrations at 1500°C either with
EuO or with oxygen-deficient Eu,0,_,, indicates
that the composition range is not significantly
greater at temperatures up to 1500°C than it is at
room temperatures. As with EuO, the hypo- and
hyperstoichiometric materials have identical X-ray
and optical properties. We conclude that at 1500°C
the range of stoichiometry in Eu;0, is very small,
and a horizontal line is drawn at O: Eu =1.333.

The sloped line from Pt:Eu=2.10-2.8 corre-
sponds to equilibria between EuPt,, , and Eu,0,_,.
Additional dashed lines are drawn to represent
equilibria involving the unidentified phase found in
this study (taken to be Eu,Pt;) and EuPts. The final
horizontal line is drawn through the data at O:Fu =
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1.48, which corresponds to the composition of
oxide in equilibrium with two-phase mixtures of the
platinum-rich intermetallic (assumed to be EuPts)
and platinum saturated with europium.

The ternary diagram for part of the system,
Pt-Eu,0;-Eu at 1500°C, constructed using the
above information and assumptions, is shown in
Fig. 4.

Limiting values for the free energies of formation
at 1773°K of EuPt,, . can be derived from observed
equilibria with the europium oxides. We can get the
partial molal free energy of europium in an inter-
metalliccompound at a given temperature if we know
the Eu(g) pressure in equilibrium with the com-
pound. This gives a limiting value for the free energy
of formation. Consider the following reactions:

4EuO(s) -+ 2.02Pt(s) = Eu;0,(s) -+ EuPt, ¢2(s),

Eu;0,(s) + Eu(g) = 4Eu0(s), )
Eu(1) = Eu(g), 3
2.02Pt(s) + Eu(1) = EuPt, 4(s). (@)

Equation (4) defines the formation of EuPt, ¢,(s)
from the elements in their standard states. For
EuPtz.oz(S), AG;’ 1773 = AG(I) + AG(2) + AG(3)
Observed equilibria between the intermetallic
compounds and the oxides show 4G(1) < 0. Refer-
ences (36) and (38) give free energies for Egs. (2)
and (3) of AG(2) = —25.1 kcal and AG(3) = 1.8 kcal.
Therefore for EuPt, g,(s), 4G} 773 <~—23.3 kcal/
gfw. The value —23.3 kcal/g-at. also corresponds
to the partial molal free energy of Eu in the inter-
metallic compound, with Eu(l) as the standard
state. We also know how the partial molal free
energy of europium in the intermetallic compound
is changing with increasing platinum content. We
have determined that EuPt, ,4(s) is in equilibrium
with Eu;0,(s) + Eu,0,_.(s) at 1773°K. Haschke
and Eick (37) have determined the Eu(g) pressures
for the coexistence of these two oxides. Considera-
tion of a set of reactions similar to those above gives
a value of —34.4 kcal/g-at. for the partial molal free
energy of Eu in EuPt, (s) at 1773°K.

7. The Sm-Sm,0, and Yb-Yb,0, Systems

Attempts were made to prepare Sm,0, SmO,
Yb,0, YbO, and other reduced oxides of Sm and
Yb. The starting materials were nominally 99.9 %,
Sm,0; and Yb,0; which had been fired in air at
1200°C, and corresponding metal chips which had
been cut from ingots of nominal 99 %, purity with a
tungsten carbide tool. The ingots were cut under dry
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hexane and the material from the first cut was dis-
carded to reduce oxide contamination. The chips
were transferred into the steel glove box and mix-
tures were prepared in the same way described above
for EuO. The samples were sealed in molybdenum
capsules by EBW.

The Sm samples were heated to 2100°C and cooled
quickly, using helium gas as a quenching aid. The
capsules were broken open and the products
recovered without the use of the glove box. All
samples had been completely melted and cooled to a
uniformly dark gray product. X-Ray powder dif-
fraction and microscopic analysis showed that the
products, in all cases, were Sm,0; with finely
dispersed samarium metal. In order to check for the
possible existence of Sm compounds stable only
at lower temperatures, the samples were again
sealed in molybdenum capsules and heated for 8 hr
at 1500°C. The products of this run were identical
to the starting material.

The results indicate that at temperatures above
2100°C, the system is one liquid phase for compo-
sitions from Sm metal to ones with O:Sm ratios of
1.33 or higher, and that at high temperatures no
crystalline oxide of samarium other than Sm,0,
exists.

The Yb samples were heated for several hours at
1800°C in sealed molybdenum capsules and allowed
to cool in the furnace under vacuum (about 5 min
to cool to 700°C). The composition Yb,O had
completely melted and appeared to consist of a
mixture of dark red crystals and excess metal. With
the other two compositions, only the metal phase
melted. In these samples the oxide sintered and
consisted of very dark red crystals about 0.01 mm
across.

Examination with the polarizing microscope
showed the material to contain a mixture of dark
red crystals and colorless crystals in addition to the
excess metal. There was no birefringence. X-Ray
powder diffraction analysis showed only Yb,O,
(bee) and Yb (fec). Using spectrographic analysis,
the only metallic impurities detected in the products
at levels greater than 15 ppm were La (3000 ppm)
and Lu (2000 ppm).

The excess metal was dissolved from one sample
with HCl as described by Miller and Daane (20).
The loose crystalline powder from this treatment
was washed in distilled water, transferred to a
platinum dish, and dried in a vacuum oven at about
50°C. The weight gain of this sample, on ignition in
air at 1200°C, was measured to assess the oxygen
deficiency of Yb,0;_, in equilibrium with Yb metal
at 1800°C. The sample of 0.296211 g gained 112 ug
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on ignition. The composition of the reduced sesqui-
oxide calculated from this data is YbO, 445, which
agrees well with the compositions of reduced
sesquioxides of other rare-earth elements reported
by Miller and Daane (20).

Since our products were obviously two-phase at
room temperature, the reduced sesquioxide ap-
parently disproportionated into Yb,0; + Yb as it
cooled from 1800°C. We have assumed that the
metal from this reaction is dispersed within the
crystalline material and is not dissolved when the
bulk excess metal is removed. If some of this metal
was lost in the HCI treatment, then the oxygen
deficiency in Yb,0,_, at 1800°C is somewhat
greater than the value we have reported.

Another sample of composition YbO was heated
to 1450°C for 3 hr and cooled slowly (3 hr to 1000°C).
The reaction temperature for this sample was in the
range used by Achard for preparations of YbO (15).
The product was a sintered pellet of oxide similar
to the previous samples, but the excess metal was
concentrated at the bottom of the capsule rather
than dispersed through the oxide pellet.

We conclude that Yb,O; is the only stable oxide
of ytterbium at high temperatures and that the
material Achard reported as YbO was probably a
solid solution of oxygen in YbN similar to the
samarium oxide-nitride which had been confused
with SmO (I7). Since Achard’s preparations were
made by reducing the sesquioxide with carbon, an
oxide—carbide is also a possibility.

8. Conclusions

We have established that EuO and Eu,O, are
the only stable reduced oxides of europium and that
they both have very narrow ranges of stoichiometry.
We have also shown that oxygen-deficient Eu,0;_,
is stable to Eu,0; g9+¢.02 at 1500°C. In the Eu-Pt
system, the range of stoichiometry for the fcc
(MgCu,) phase EuPt, , has been determined to be
EuPt;, to EuPt, g40.; at 1500°C and two additional
intermetallic phases were observed.

In contrast to the fluorides, for which there is
rather close correspondence between the samarium,
europium, and ytterbium systems (39, 40), there are
no stable oxides of samarium or ytterbium corre-
sponding to EuO or Eu;0,. This is a manifestation
of the enhanced stability of the divalent oxidation
states in the fluoride systems compared to the oxide
systems. Results from two related investigations also
show greater stability for divalent europium in the
fluoride than in the oxides. In products from a study
of the Eu—O-F ternary system we found EuF, ¢ in
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equilibrium with oxygen-deficient Eu,0,_, (41).
An investigation involving the equilibration of
europium fluorides with platinum—europium
phases was carried out at a lower temperature than
that used for the oxide equilibrations, so the results
cannot be compared directly. However, the fact that
EuF, is in equilibrium with EuPts at 1260°C (39),
while EuO is in equilibrium with EuPt, at 1500°C,
indicates that the divalent state of europium is much
more stable in the fluoride since the activity ratio
of europium between EuPt, and EuPts is not ex-
pected to change much from 1260 to 1500°C. The
factors that lead to the marked differences in stability
of the divalent oxidation states of the lanthanon
elements between the fluoride and the oxide systems
are still not understood.
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