
JOlJRNAL OF SOLID STATE CHEMISTRY 2,585-592 (1970) 

Studies of the Europium-Oxygen-Fluorine and Samarium-Oxygen-Fluorine 
Systems* 

R. G. BEDFORD AND E. CATALAN0 

Lawrence Radiation Laboratory, University of California, Livermore, California 94550 

Received April 30, 1970 

A portion of the ternary system Eu-Eu@-EuF, has been investigated by equilibrating EuO-EuFa and EuO- 
EuF* mixtures at 1500°C and examining the products with a polarizing microscope and by X-ray diffraction. 
The composition at the liquid-solid boundary was not measured directly, but has been estimated. A phase 
diagram is presented for that part of the system studied. No ternary compounds are formed with europium in an 
oxidation state lower than +3 in samples cooled from 1500°C. 

Several compositions of the EuzOo-EuFo and Sm,O,-SmF, binary systems were examined using differential 
thermal analysis and X-ray powder diffraction. In these systems, at least one intermediate phase (and probably 
two or more) in addition to LnOF is stable. These additional phases all lie on the fluoride side of LnOF. At 
temperatures above 6OO”C, solid solutions extend from approximately LnO,.,F,, to LnOo.$.,. 

1. Introduction 

A few years ago we observed anomalous magnetic 
behavior in EuF, which was associated with trace 
impurities in the single crystals (I). The magnetic and 
optical properties of the inclusions in the EuF, 
crystals did not appear to correspond to any known 
europium compound. This prompted us to investi- 
gate the Eu-EuF,-EuzOj system in an attempt to 
identify the impurity, since oxygen seemed to be the 
most probable contaminant. The EuF*-EuF, and 
the EuO-Eu203 binary systems have been described 
in detail elsewhere (2-5). 

Bevan et al. (6) have discussed the lanthanon 
oxyfluorides and reviewed the literature on these 
systems. Oxyfluorides have been reported for all the 
lanthanon (Ln) elements and yttrium, and the struc- 
ture for the stoichiometric MOF compounds of 
these elements at room temperature for all but Ce, 
Tm, Yb, and Lu seems to be established as the 
rhombohedral LaOF-type described by Zachariasen 
(7) for LaOF and YOF (6-25). For La and Y, 
Zachariasen (7) found tetragonal solid solutions 
MO1-,F,+zx (0.0 < x < 0.3) in addition to the 
stoichiometric rhombohedral LaOF and YOF. 
Bevan et al. (6) have shown that for the Y, Sm, Gd, 
and Er oxyfluorides, the composition region 

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

between the stoichiometric MOF and the trifluoride 
is much more complicated than previously assumed. 
A report of the continuing investigation of the inter- 
mediate composition region and the transition of 
stoichiometric LnOF from rhombohedral to cubic 
(fluorite) for La, Nd, Sm, and Gd has been given by 
Brauer and Roether (24). Recently, Shinn and Eick 
(15) have published a paper on the rhombohedral- 
to-cubic transition for MOF compounds (M == La, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, and Y). 

Detailed investigation of the phase relationships 
in the extremely complex oxyfluoride systems was 
not attempted here since we were primarily interested 
in the possible existence of a compound containing 
europium in the divalent state. However, differential 
thermal analysis (DTA) and Debye-Scherrer X-ray 
powder diffraction studies were made for several 
compositions in the EuF,-Eu,O, system. These 
studies provide evidence for previously unknown 
oxyfluoride phases of Eu(III), supporting the find- 
ings of Bevan, Brauer and co-workers (6,24) that the 
region between stoichiometric MOF and the tri- 
fluorides for lanthanon elements contains a number 
of discrete phases which undergo transitions or dis- 
proportionation reactions on heating. Similar 
studies were attempted with the analogous samarium 
system, but useful quantitative information was 
obtained only for stoichiometric SmOF. 

Our present study found no evidence for a ternary 
585 
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compound in the Eu-EuF,-EuzO, system with 
europium in an oxidation state lower than +3. The 
only phase in this system which resembles in any 
respect the impurities in the EuF, crystals of Ref. (1) 
is Eu,O,. The color and structure of Eu,O, are con- 
sistent but the magnetic properties do not corre- 
spond to those of the impurity material. Recently, 
Shafer and Kuptsis (16) have published convincing 
evidence that the impurity in EuF, which was 
responsible for the anomalous magnetic behavior 
observed in Ref. (1) and other work was a sulfide of 
europium, concluding that it was EuS. We had re- 
jected EuS as a candidate because neither the optical 
nor the magnetic properties of ordinary EuS corre- 
spond to those of the magnetic inclusions. Ordinary 
EuS is isotropic (cubic, NaCl type), and the inclu- 
sions were birefringent. The magnetic ordering 
temperature of EuS is about 3”K, or 15 % lower than 
that of the inclusion material. 

2. The EuF,-EuO System 

EuF, was prepared by hydrogen reduction of 
EuF, in a molybdenum container. EuO was made 
by reduction of Eu,O, by Eu in a sealed MO capsule. 
These materials are more fully described in Refs. (2) 
and (5). 

Mixtures of EuO and EuF** were sealed in molyb- 
denum capsules by electron bombardment welding 
(EBW). The samples were heated to 1500°C in a 
vacuum induction furnace, held at that temperature 
for at least 2 hr and cooled quickly by turning off the 
power and introducing argon or helium. About 
2 min were required for the temperature to fall 
below 750°C. The resulting products were examined 
by X-ray powder diffraction and optical microscopy. 

All the EuF*-EuO mixtures had completely 
melted. Microscopic examination of the products 
showed the composition 0.4 EuF,-0.6 EuO to be 
very near the eutectic. Samples with larger propor- 
tions of EuF, showed the eutectic structure in a 
matrix of EuF,. X-ray analysis showed the products 
of all of these runs to be EuO (cubic, NaCl type), 
a = 5.144 A and EuF2 (fee, fluorite), a = 5.84, A. 

3. The EuF,-Eu,O, and SmF,-Sm,O, Systems 

Mixtures of EuF, and EuzO, or SmF, and Sm20, 
were sealed in platinum-10% rhodium capsules by 
EBW and heated to 1500°C in an induction furnace. 
The products were crushed and resealed in Pt-1ORh 
capsules, again heated to 1500°C for 2 hr and rapidly 
cooled by turning off the furnace power. Starting 
* The compositions are plotted in Fig. 2. 

materials were nominal 99.9% oxides and tri- 
fluorides which had been heated in air or under HF, 
respectively, to reduce contamination and stored in 
desiccators (2,5). 

Samples from the above preparations were 
examined by X-ray powder diffraction, optical 
microscopy, and DTA. A description of the DTA 
apparatus and procedures is given in Ref. (3). 
Samples of approximately 0.4 g for DTA were 
encapsulated in Pt-1ORh containers by EBW at 
-IO-’ Torr. Measurements were made at heating 
rates of 10°C min-’ from 200 to 1500°C. 

Our observations on EuF,-Euz03 and SmF,- 
SmzO, are insufficient to provide a complete under- 
standing of these systems. Seven compositions in 
each system were studied. Optical examination did 
not provide useful information because of the 
similarity of the appearance of all phases under 
either unpolarized or polarized light. Refractive 
index measurements would be required to dis- 
tinguish between the various phases. Since DTA 
measurements were limited to temperatures below 
15Oo”C, melting was observed only for composi- 
tions rich in trifluorides. However, we did observe a 
number of effects which may help to provide a better 
understanding of these systems. A summary of our 
observations and interpretations is given in Table I, 
and a tentative phase diagram for the Eu,O,-EuF, 
system is presented in Fig. 1. Other possible phase 
diagrams are consistent with the observations. The 
drawing is presented primarily to describe the 
general behavior of the binary system and to define 
assumptions used in interpreting the Eu-EuF,- 
Eu*O, ternary system. 

Reversible thermal effects were observed be- 
ginning at 501 “C for SmOF and at 503°C for EuOF 
(Table I). The temperatures for these effects are in 
good agreement with those reported by Brauer (14) 
for the rhombohedral-cubic transitions in oxy- 
fluorides of La, Nd, Sm, and Gd. Brauer found these 
transitions in the range 450-550°C with the value for 
SmOF close to 500°C. Shinn and Eick (25) report 
rhombohedral-cubic transitions at 524°C. Shinn and 
Eick apparently reported peak maxima rather thah 
temperatures corresponding to the initiation of 
transitions on heating, which may account for some 
of the discrepancy between our results and theirs. 
During the preparations and DTA experiments 
with the europium oxyfluorides, and to a lesser 
degree with the samarium oxyfluorides, our sealed 
platinum alloy capsules bulged slightly after being 
heated to 15OO”C, indicating that partial decomposi- 
tion occurred at high temperatures. The free volume 
in our containers was sufficient to contain an amount 
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of gaseous decomposition product at 10 atm that 
would correspond to about 1 mol’? of the oxy- 
fluoride sample. (The capsules would probably have 
developed leaks if the internal pressures exceeded 
10 atm.) Small differences between the stoichio- 
metries of the samples used, particularly regarding 
possible oxygen deficiency in our materials, also 
could contribute to the difference between our 
results and those of Shinn and Eick. 

Despite the higher heating and cooling rates used 
in our experiments, the hysteresis we observed was 
only about 5” for SmOF and 10” for EuOF, com- 
pared with the 20” reported as typical by Shinn and 
Eick. The thermal effect beginning at 481°C in the 
sample with composition EuO~.~F, .z is probably due 
to the rhombohedral-cubic transition in EuOF, 
lowered in temperature by solution of fluoride. 

X-ray analyses indicated that except for the 

TABLE I 

X-RAY AND DTA RESULTSFORTHE EuZ03-EuF3 SYSTEM AND SmOF 

Composition 

EuOF 
EuOo.J-1.2 

Euo.aF1.4 
EuOO.,FI.G 
E~0o.esF1.8 

EuOo.&.., 

EuF, 

SmOF 

DTA results 
X-ray powder 

diffraction analysis Temperature Peak 
of products range (“C) height” 

~___~ - ~~ ~~- ~~ -~~ ~~ 

EuOF (rhomb) 503-505 5.3 
EuOF (rhomb) + wk lines 481-498 1.8 

718-734 1.5 
EuOF (rhomb) + wk lines 721-734 4.1 
EuOF (rhomb) + EuF, (orth) 505-522 1.0 
EuOF (rhomb) +- EuFl (orth) 553-578 0.7 

+ wk lines 
EuF, (orth) + wk lines 568-588 (0.5)h 

1293-1315 8.8 
EuF3 (orth) 776-806 -3 

1180-1258 21.9 
SmOF (rhomb) 501-508 7.7 

’ Peak heights normalized to average sample size of 0.4 g, assuming peak height 
directly proportional to mass of sample. 

b Peak detectable only on cooling. 
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sample of stoichiometric SmOF, the samarium oxy- 
fluoride mixtures did not reach equilibrium. Samples 
with compositions SmO,.,F,.,, SmO,,sF,., and 
SmOo.7F,.6 appeared to be mixtures of SmOF 
(rhombohedral) + SmlO, (bee) after heating at 
1500°C as described above. Samples of SmO,,,F,.9, 
and Sm0,,,F,.4 appeared to be mixtures of SmOF 
(rhombohedral) and SmF, (orthorhombic). We 
observed thermal effects in these samples which 
were similar to those seen in the europium oxy- 
fluorides but with lower intensities, wider tempera- 
ture ranges, and more hysteresis. In the samarium 
oxyfluoride mixtures, we did not observe an effect 
corresponding to the peaks at 720°C in EuO~.~F,.~ 
and EuO,,~F,.~. Failure to achieve equilibrium in 
the samarium oxyfluoride system is not surprising. 
Bevan et al. (6) found that several hours of annealing 
were needed to prepare the fluorine-rich phases they 
identified. 

The europium oxyfluoride system was apparently 
better behaved than the corresponding samarium 
system, although it is possible that the effects ob- 
served in both systems correspond to metastable 
equilibria. Observation of the thermal effect at 
720°C for EuO~.~F,.~ and EuO,,~F~.~ and the 
absence of the rhombohedral-cubic transition in 
EuO,,9F,., implies the existence of an intermediate 
compound such as that reported by Brauer (14) for 
the samarium oxytluoride system. The thermal effect 
at 1293°C for EuO,,~F~.~ was due to melting, as 
confirmed by visual inspection of samples heated to 
1500°C in sealed Pt-1ORh containers before being 
loaded into the DTA capsules. The SmOO.jF,., 
sample also was completely melted at 1500°C. None 
of the other samples showed any evidence of even 
partial melting after being heated to 1500°C. The 
small temperature range of the thermal effect 
indicates that the eutectic composition lies very 
close to EuO,,~F~.~. 

The disappearance of the thermal effect corre- 
sponding to the rhombohedral-to-cubic transition 
of the stoichiometric oxyfluorides in samples of 
higher fluoride concentration is at variance with 
X-ray results indicating the presence of LnOF 
(rhombohedral) at room temperature for all com- 
positions down to Ln00.6F,.8 in both the samarium 
and europium systems. A possible explanation for 
this discrepancy is that phases identified as SmOF 
(rhombohedral) and EuOF (rhombohedral) in the 
fluoride-rich samples were actually compounds with 
closely related structures in the composition range 
LnOo.9F,.,-LnOo.6F,.,. The structures of all of 
these phases reported by Brauer (14) are closely 
related to the fluorite structure. Our specimens 

could also be composed of phases quenched in from 
solid solution regions at higher temperatures. 

An attempt to prepare an oxyfluoride Eu,04F 
analogous to the phase Eu,O,Br reported by Barni- 
ghausen (4) was unsuccessful. A sample of this com- 
position prepared from EuF, plus EuzO, yielded 
EuOF (rhombohedral) plus Eu203 (bee, a = lo.869 
A) when annealed at 1500°C and quickly cooled. 
In only four cases have we seen Eu203 in the cubic 
form after being heated above 1300°C: In this 
preparation, in a ternary mixture described in Table 
II, and in the products of two preliminary runs in 
which mixtures of EuO + EuF, and EuF, + EuF, + 
Eu203 were heated to 1800” in tantalum containers, 
cooled slowly to 15OO”C, and then quenched. The 
products of the runs in tantalum were EuF,.*~ 
(fee, a = 5.805 A) + EuzO, (bee). These results have 
not been included in the discussion of the ternary 
system because the samples reacted with the tanta- 
lum containers. 

The similarity between the oxyfluoride systems 
and the reduced fluoride systems is worthy of some 
attention. Solid solutions and nonstoichiometric 
compounds in both the Ln0,-,F,+2, (0 G x G 0.4) 
(6, 7, 14) and the LnF*+, (0 Q x G 0.45) (2, 3) 
systems have structures based on an fee fluorite 
lattice. The predominant lattice defects in a number 
of nonstoichiometric oxides, fluorides, and oxy- 
fluorides based on the fluorite structures are inter- 
stitial anions or anion vacancies (17). Interstitial 
anions have been shown to be the primary lattice 
defect in several such solid solutions involving a 
lanthanon trifluoride in a difluoride or an oxy- 
fluoride (2, 17-20). The cation sublattice in these 
systems is essentially ideal. 

Because of the energy involved in anion-cation 
separation, it is unlikely that configurations which 
do not satisfy local charge compensation will be 
significant in these systems. In LnOF (fluorite), the 
oxide and fluoride ions are randomly distributed on 
the anion lattice sites, satisfying the condition that 
unit cells with excess oxide ions contain correspond- 
ing anion vacancies and cells with excess fluoride 
ions contain corresponding interstitial ions. For 
solid solutions containing excess LnF, which have 
either the fluorite or a closely related structure, the 
extra fluoride ions are introduced as pairs, one sub- 
stituting for an oxide ion and the other as an 
associated interstitial ion. Changes in structure 
involving ordering of these “defects” require inter- 
diffusion of the anions. As pointed out by Brauer 
(M), dimorphic transitions become more difficult in 
these systems as the interstitial sites are filled. 

In the reduced fluoride systems with compositions 
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LnF*+,, the excess F- ions are introduced as 
associated pairs of interstitial F- ions and trivalent 
cations. Phase changes in these systems should occur 
more readily because they require only local re- 
arrangements of anions and electron transfers. In 
fact, the manifestation of this behavior is observed 
in the difference between DTA thermograms for the 
difluoride-trifluoride (3), and the oxide-fluoride 
systems. The hysteresis for nonstoichiometric 
samples is much more pronounced for the oxy- 
fluoride material. 

4. The Ternary System in the Region Bounded by 
the Composition EuF,-EuF,-Eu,O,-EuO 

Compositions within the ternary field were pre- 
pared by equilibrating mixtures of EuF, and EuO. 
The mixtures were encapsulated in either MO or 
Pt-1ORh crucibles and sealed by EBW. Starting 
materials were the EuF, and EuO already described. 
Molybdenum crucibles were used for mixtures for 
which the EuO/EuF, mole ratio exceeded 0.67 and 
Pt-1ORh crucibles for mixtures with EuO/EuF, 
mole ratios of 1.5 or less. Several intermediate com- 
positions were heated in both kinds of containers. 
The samples were held at 1500°C in an induction 
furnace for at least 2 hr before being cooled rapidly. 
Two samples were cooled slowly after annealing at 
1500°C. 

The products of the equilibrated mixtures of 
EuF, and EuO were examined by X-ray powder 
diffraction and optical microscopic techniques. (See 
Table II). 

Optical identification of EuO and Eu,O, is un- 
ambiguous because no other phases in this system 
appear similar to either of these materials. Fluorides 
on the divalent side of EuF,., are transparent, nearly 
colorless, and nonbirefringent. Fluorides from 
EuF,. I to EuF,., are transparent, light brownish- 

yellow, and weakly birefringent. Compositions from 
EuF,., to EuF, are transparent, nearly colorless, and 
brightly birefringent (2). It is difficult to detect small 
concentrations of EuO in Eu,04 or of EuF2+, in one 
of the other transparent colorless phases. It is not 
possible to distinguish between EuF,, EuOF, and 
Eu203 without using more sophisticated techniques 
than those applied in this study. However. very 
small amounts of EuO can be detected in phases 
other than Eu,04. It is also easy to detect very small 
amounts of one of the trivalent species or of EujOa 
in any of the other phases. 

The compositions of the fluorides found in the 
products were obtained from X-ray lattice para- 
meters using data reported in Ref. (2). In a number 
of runs, microscopic examination indicated the 
presence of more than one fluoride composition. For 
these cases, X-ray powder diffraction patterns were 
taken for several samples. The X-ray data confirmed 
that two different fluoride compositions were present 
in some of the products, and three fluoride composi- 
tions were found in one sample. The composition of 
crystalline products in rapidly cooled samples 
depends upon the phase boundary surfaces in the 
system and the crystallization paths. Since our 
samples were cooled rapidly, equilibrium was not 
necessarily maintained, and more than three phases 
were found in some of the products. 

The interpretation most consistent with the 
ternary equilibration data, the EuzOl-EuF, pseudo- 
binary shown in Fig. 1, and the EuO-Eu,O? binary 
system (4, 5) is illustrated in Fig. 2, 

5. Conclusions 

The ternary equilibria in the Eu-O-F systems are 
well-established at 15OO”C, with the following ex- 
ceptions. The number, compositions, and structures 
of the oxyfluoride phases in the range -EuO~,~F,,~- 

E”203 EuOF EuF3 

FIG. 2. A section of the ternary system Eu-Et&-EuF3 at 1500°C. Data points correspond to the compositions listed in 
Table II and sample EuO-EuF2 mixtures. 
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EuO~.~F,.~ are uncertain. The phase diagram (Fig. 2) 
is drawn on the assumption that the EuF,-Eu,O, 
system is binary and correctly represented in Fig. 1. 
The liquidus points on the EuF,-Eu,O, and EuF,- 
EuO joins can be estimated with fair reliability, but 
the liquid-solid phase boundaries in the inter- 
mediate region are pure speculation. The products 
of the EuF3-EuO reactions all appeared to have 
been completely melted; but since the samples were 
not crushed and reheated nor analyzed by DTA, the 
possibility that some of these compositions could 
have been only partially liquid at 1500°C cannot be 
excluded. The diagram is drawn as if there were only 
one liquid phase, but there is no direct evidence for 
this interpretation. A miscibility gap may exist 
between anion-rich and metal-rich liquids similar to 
the gaps found in other lanthanon-lanthanon- 
halide systems (21-27). The region of the system on 
the metal-rich side of EuO-EuF, has not been 
investigated. 

There is clearly no evidence for a ternary com- 
pound in this system other than those between 
EuF, and Euz03. It is possible that one or more 
other ternary compounds may exist, but we think 
this unlikely as no such phase was evidenced in any 
of the preparations-neither in those cooled rapidly 
nor in those cooled slowly. 

The optical and X-ray properties of the three 
oxide phases prepared in the presence of fluorides 
are identical to those observed for samples in which 
no fluoride was present. Also, the properties of the 
fluorides formed in the presence of oxides or oxy- 
fluorides are identical to those of fluorides for which 
analysis indicates negligible oxygen content. There- 
fore, we believe that the solubility of fluorides in any 
of the oxide phases or of oxide in the fluorides is very 
small in the crystalline state. Since there were no 
color changes in the oxyfluoride samples equili- 
brated with reduced fluorides similar to the color 
changes observed when lanthanon sesquioxides are 
partially reduced (5,28), partially reduced or anion- 
deficient lanthanon oxyfluorides may not be stable. 
One would have expected to observe partially re- 
duced solid solutions based on the fluorite structure 
with anion vacancies, particularly in the europium 
oxyfluoride system. 
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