JOURNAL OF SOLID STATE CHEMISTRY 17, 201-212 (1976)

On the Problem of Polymorphism and Fusion of Lanthanide Trifluorides.
11. Interaction of LnF, with MF, (M = Ca, Sr, Ba), Change in Structural
Type in the LnF, Series, and Thermal Characteristics*

B. P. SOBOLEYV, P. P. FEDOROV, K. B. SEIRANIAN,t AnD
N. L. TKACHENKO

Institute of Crystallography of the Academy of Sciences of the U.S.S.R., Moscow,

U.S.S.R., and T Erecan State University, Ereran, U.S.S.R.

Received June 9, 1975

The results of a study on the interaction of LaF; with MF, (M = Ca, Sr, Ba) for 34 binary systems
of the LnF;~-MF, type in the concentration range 60-100 mole %, LnF; are presented. It is shown
that in this range the interaction of the components in the LnF;~MF, systems is similar to that in
the LnF3s-Ln,0; systems. The problem of stabilizing different structural types of LnF; (tysonite
and x-YF3) during the isomorphous substitution of La** by M2+ and 2F~ by O?~ with formation
of solid-solid solutions Ln,_ . M.F;_, and LnFs_,,0,, respectively, is discussed also. In congruent
fusion of these phases, the coordinates of the maximum on the fusibility curve (according to com-
position) are regularly displaced to the side of pure LnF; with a decrease in the atomic number of
the lanthanide. The vacancy-stabilized phases are typical examples of variable composition
compounds (berthollides).

On the basis of data on the interaction of components in the LnFy-Ln,05 and LnF;-MF, systems,
problems of polymorphism and changes of structural type in the LnF; series are discussed. Fusion
and polymorphic transformation temperatures are given for LnF; with control of oxygen content

in the specimens after thermal analysis.

Introduction

In the preceding paper, the influence of
oxygen, the most prevailing impurity In
lanthanide trifluorides, on polymorphism and
fusion temperature was examined. It was
shown that this influence is not universal and
that the lanthanide trifluorides divide into
several groups according to the type of in-
teraction with oxygen. A partial replacement
of 2F~ by O? has a stabilizing effect on
polymorphic modifications with a tysonite
structure type (LaF;). In the case of several
LnF, that do not have tysonite modifications,
partial hydrolysis leads to formation of

* Original manuscript received in Russian. A copy is
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LnF, , O, phases (0 < x<0.2) that appar-
ently have a tysonite structure and are
separated from LnF; by a two-phase region.
Previously, these phases were often taken to be
high-temperature forms of pure LnF;. It is
shown that existing representations of the
change in structural type in the LnF; series
need to be made more accurate.

The basic factor that stabilizes the LaF,
structure type in the LnF ,—Ln,0; systems is
the formation of anion vacancies. Formation
of vacancies in the anion sublattice of the
tysonite-type structure also takes place when
Ln** is replaced by M?* in the cation sub-
lattice. It might be expected that a study of the
composition regions of the LnF;-MF, sys-
tems adjacent to the trifluorides would
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provide additional information about poly-
morphism and change of structure type in the
LnF, series.

Binary systems of the type MF,-LnF;
(M = Ca, Sr, Ba) have been studied in greater
detail than the LnF;-Ln, 05 systems; however,
information about the parts of these diagrams
near LnF; is extremely limited. It is known
that solid solutions with LaF;-type structures
are formed in many systems; however, the
zores of stability have been only conjectured.
The nature of the tysonite-structure phases in
the MF,-LnF; systems presents special in-
terest; a separate work will be devoted to
that.! The congruent melting of the tysonite
phases in CaF,-LnF; systems has been men-
tioned several times (see, for example, /-7).
For the series SrF,—LnF; and BaF,-LnF; with
“medium” and “‘heavy” lanthanides, the parts
of the diagrams adjoining LnF; have received
very little attention.

In the present work, we report resuits of a
study of parts of the phase diagrams of 34
systems of the type MF,~(Y,Ln)F; (Ln=
lanthanum and the lanthanides except for
Pm, Eu, Lu) in the concentration range 60--100
mole %, LnF; for all systems where solid solu-
tions of tysonite structure type are formed.
On the basis of phase-equilibria data in the
LnF~Ln,O; and LnF,-MF, systems, prob-
lems of polymorphism and morphotropic
transition are discussed: they lead to more
reliable values for the fusion and polymorphic
transformation temperatures of LnF,.

Experimental

Materials and methods. The characteristics
of the starting lanthanide trifluorides were
presented in the preceding paper. Fluorides of
calcium, strontium, and barium were used in
the form of single-crystals containing 0.025,
0.020, and 0.012 wt%, oxygen, respectively.
The method of investigation was as described
previously. In the study of the binary systems
using thermal analysis (TA), the composition
range varied from 0.5 to 5 mole?%,. The
average oxygen content after TA equaled 0.04
wt %/, Phase equilibria in the subsolidus were
examined by X-ray analysis of annealed (at

1 To appear in Kristallografiia.
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877,915,964, 1008, and 1067°C) and quenched
specimens. The oxygen content in these speci-
mens varied from 0.07 to 0.15 wt%,. The
duration of the firing was 108-370 hr.

Results and Discussion

1. Interaction of (Y, Ln)F; with CaF,

In Fig. |, parts of the phase diagrams of the
systems CaF,—(Y, Ln)F; are shown. As Fig. |
is used only as an illustration of the change in
the form of the phase diagrams through the
LnF; series, we did not present experimental
points. The slanted hatching shows the
homogeneity region of the LaF;-structure-
type solutions of Ln, .Ca.,F, .. The hori-
zontal hatching denotes the a-(Ln,_ . Ca,)F;_,
phases of the %-YF; structure type.

Composition regions of the phases that have
undergone ordering (see § and 9 for ordered
phases originating from the tysonite structure)
are shown in black. In the present work we do
not examine the characteristics of these
phases nor their interrelations with tysonite
solid solutions.

Asseenin Fig. I, phases with LaF; structure
are formed in all the systems studied ; however,
they differ topologically. In trifluoride systems
from lanthanum to gadolinium inclusive, the
Ln,_.Ca.F;_, phases are solid solutions of
CaF, in the tysonite modifications of LnF ;. In
the systems from praseodymium to gado-
linium, there are maxima in the melting curves.
Independent of the position of these maxima,
as X-ray studies have shown (/0), parameters
of the unit cells vary linearly over the entire
region of homogeneity. In the system with
TbF, the tysonite phase separates first, show-
ing the signs of a chemical compound of defi-
nite composition with a region of homogeneity.
However, variation in the location of tysonite
phases in the CaF,—(Y, Ln)F; systems indi-
cates that they are berthollides, i.e., phases of
variable composition which do not have singu-
lar points on the isothermal curves of property
dependence on concentration (/7). Topo-
logically, these berthollide phases represent a
new type of solid solution based on a hypo-
thetical tysonite modification of LnF; (Ln =
Tb-Yb) with congruent fusion. The existence
of this type was previously proposed from
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FiG. 1. Parts of the phase diagrams of the CaF,~(Y, Ln)F; systems.

theoretical considerations (/2). Formation of
solid solutions Ln,_,Ca.F,_ . where Ln = Tb
is conditioned by stabilization of the tysonite
structure by heterovalent substitution of
Ln*t by Ca®*.

In the systems CaF,(Y, Ln)F; where Ln =
Er-Yb, solid solutions based on «-modifica-
tions (2-YF5 structure type) were discovered
by the TA method. None of them has a
maximum in its melting curves and they
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all decompose according to a eutectoid
scheme.
11. Interaction of ('Y, Ln)F5 with SrF,

Figure 2 shows parts of the phase diagrams
of the systems SrF,—(Y, Ln)F ;. With the excep-
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tion of ordering processes in the tysonite
structure type, the series of systems CakF,—
(Y, Ln)F5 and SrF,~(Y, Ln)F; turn out to be
extremely similar in the range of LnF; content
60-100 mole%,. Based on the characteristics
of their interaction with SrF,, the lanthanide
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trifluorides fall into the same three groups:
From LaF, to GdFj;, inclusive, StF, dissolves
in the tysonite modification of LnF; with for-
mation of congruently melting Ln,_ Sr.F;_..
Within the precision of the experiment,
orthorhombic phases (f-YF,; type) of tri-
fluorides of Tb, Dy, and Ho do not form solid
solutions with SrF,. The tysonite-structure
phase Ln,_,Sr.F;_, stabilized by heterovalent
replacement is separated from pure LaF, by a
two-phase region. Finally, with the third
group of trifluorides, from Er to Yb (and also
YF,), SrF, forms solid solutions of a-
(Ln,_,Sr)F;_, in the high-temperature modi-
fications of LnF;. The existence of these

,ﬁ LaF 4y
T T

phases and the eutectoid character of their
decomposition can be observed very well by
using TA methods. We did not succeed in
quenching and studying a-(Ln,_ SroF; .
phases at room temperature.

[I1. Interaction of Lnfs with BaF,

Tysonite phases of the BaF,—LnF; systems
(Fig. 3) differ substantially in their fusion
character from analogous phases in the
CaF,—(Y, Ln)F, and SrF,-(Y, Ln)F; systems.
In not even one of the BaF,~LnF, systems do
the solid solutions La,_.Ba F,_, have a maxi-
mum in the melting curve. The substitution of
Ln** by Ba®* widens the stability zone of the
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tysonite structure only in the direction of
lower temperatures. In the systems with TbF;
and DyF,, a tysonite phase is formed that is
also separated from the pure trifluoride by a
two-phase region: however, it fuses incon-
gruently. Apparently the different fusion
character of the tysonite phases in the series of
systems studied is conditioned by difference
in the size of M** and by a destabilizing role of
Ln** substitution by the too-large barium
cation (vacancies in the anion sublattice, as
before, have a stabilizing effect).

As far as the precision of the experiment
allows us to judge, BaF, does not form solid
solutions in the high-temperature modifica-
tions of lanthanide trifluorides of the z-YF;
type (an exception, possibly, is YF; itself).

1V. Classification of Lanthanide Trifluorides
Based on the Character of Their Interaction
with MF, (M = Ca, Sr, Ba)

Division of the LnF; series into groups as a
result of studying the interaction of LuF; with
MF, can be seen in Fig. 4. Curve | indicates
the change in composition of the eutectic
between the separated Ln,_ M F;_, phase of
the tysonite type and the pure component
versus atomic number of the lanthanide (see
clarification on graph A, Fig. 4). It is evident
that the composition of the eutectic steadily
apprcaches LnF, with decrease in the atomic
numker of the lanthanide. An extrapolation of
curve | to zero concentration of M F, indicates
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that in the series of binary systems A F,—LnF;,
this eutectic type disappears between GdF,
and TbF;. Curves 2 and 3 of Fig. 4 demon-
strate the change in composition of the
eutectoid (see explanation in diagram B. Fig.
4) in the CaF,-LnF; and SrF,~LnF, systems,
respectively. It is seen that its composition also
approaches pure LnF; when the atomic num-
ber of Ln decreases. Extrapolation of curves
2 and 3 to zero concentration of MF, (although
less obvious than the preceding casz) indicates
that sclid solutions (a-YF; type) with eutec-
toid character of dissolution are not formed in
systems with HoF; and the trifluorides of the
“lighter” lanthanides. Thus, change in com-
position of the eutectics and eutectoids in the
MF,-LnFy systems permits us to evaluate the
polymorphism and change of structure type of
LnF, (the classification is given below).

From the data in the literature it can be
concluded that the greatest disagreements
cceur relative to the dimorphism of LnF, in
the middle of the series (Ln = Gd-Ho).
Recently. the attainment of espezcially pure
LnF,(forexample, /3-/6) has placed existence
of a polymorphous transition in the tri-
fluorides of Gd, Tb, Dy, Ho in doubt. There-
fore, it is necessary to consider in greater
detail the problem of the dividing line between
dimorphous LunF; with a tysonite high-
temperature modification and LnrF; that crys-
tallizes from melt only in the form of ortho-
rhombic f-YF,. For thisreason, Figs. Sand 6,
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FiG. 4. Change in composition of the eutectics (1) between LnF; and Ln,_ .M, F;_, phases of the tysonite
type (see graph A) and of the eutectoids (2, 3) of x-(Ln,_ .M )F;_, phases of the a-YF; type (see graph B).
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which show fusion and decomposition tem-
peratures of solid solutions with LaF,
structure in the LnF;~Ln,0; and MF,~LnF,
systems, are presented.

In Fig. 5, curves 1-3 characterize the change
of fusion temperature of the solid solutions
versus concentration of vacancies. Curves 4-6
are analogous dependences for decomposition
of the solid solutions with tysonite structure.
It can be seen that replacement of 2F~ by O~
produces the maximum rise in fusion tem-
perature (see graph A, curve 1). The tempera-
ture of polymorphic transition in GdF; is
lowered more by substitution of Gd** by Sr2*
than by substitution of fluoride by oxygen. In
all the types of solid solutions in Fig. 5, the
curves of phase transformation temperature
VErsus vacancy concentration extrapolate to
pure GdF; (x — 0) to two points. Thesz two
temperatures coincide rather well with fusion
and x == f§ transition temperatures of GdF;.
The points are separated by a temperature
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Fi1G. 6. Dependence of temperature of fusion (1-3)
and decomposition (4-7) of tysonite solid solutions in
TbF;-Tb,0;. 5 and TbFy;-MF, systems on concen-
tration of vacancies (x) in the anion sublattice.

interval of about [50°C. It is difficult to believe
that in the extrapolation range (x ~0.025) a
drastic change takes place in the courss of
curves |-3 and 4-6 of Fig. 5so asto carry them
to a unique magnitude of the temperature. In
other words, extrapolation of the dependences
in Fig. 5 leads to a definite conclusion regard-
ing the dimorphism of GdF;. Estimation
according to Schroeder’s equation (assuming
the activity coefficient of the impurity as >~
and AH transition ~1 kcal/mole: /3, I4) of
the transition temperature of GdF; relative to
the transition temperature known from ex-
periment for a composition with 0.005 wt?;
oxygen (see Table I) leads to a correction of
0.5°C. This calculation indicates the small
likelihood that curves 1-3 merge with 4-6
(Fig. 5) in the region where x < 0.025.

The dependences of phase transformation
temperatures in solid solutions of LaF,
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structure type on composition in binary sys-
tems with terbium trifluoride are presented in
Fig. 6. It is seen that extrapolation of the
curves leads in all cases to temperature values
close to the fusion temperature of pure TbF;.
The character of these dependences reflects the
change in topology of parts of the phase
diagrams of TbF;-MF, and TbF;-Tb,0; s,
which are presented in diagrams A and B of
Fig. 6.

As a result, comparison of Figs. 5 and 6 also
leads to the conclusion that GdF; is the last
dimorphous LnF, that has a high temperature
tysonite modification. TbF; in the entire
temperature range is characterized by struc-
ture type orthorhombic -YF;. The tysonite
forms of “LnF;” that have been observed by a
series of authors are conditioned by stabiliza-
tion of this type of structure by oxygen and
other impurities and represent completely new
phases. These phases, although also situated
near the ordinates of pure Lnk;, are separated
from it by a heterogeneous zone.

7. On the Structural Relation of LnF;_,,0,
and Ln _ M Fs_.

In spite of the different positions on the
phase diagrams of LnFy-Ln,0; and LnF;-
MF, systems, the solid solutions LnF;_,, 0,
and Ln,_ M,F;_, are united in structural
characteristics. As has been said, heterovalent
replacement both in the cation (LnF;—MF,
systems) and anion (LaF;—Ln,0; systems)
sublattices are accompanied by formation of
anion vacancies. According to (/7, 18), anion
vacancies stabilize the LaF; structure type due
to lowering of the electrostatic energy of anion
repulsion. To this must be added a decrease in
the role of the f-orbital participation in the
formation of chemical bonds with increase in
atomic number of lanthanide (i.e., the *f-
degeneration™ of /9) and corresponding de-
crease in the coordinating ability of Ln**. The
decrease of average coordination number of
the cations in LnF;_,.0O, and La _ M. F;_,
solid solutions due to appearance of anion
vacancies is conducive to formation of a
tysonite structure on the base of lanthanide
trifluorides that in pure form no longer have
this modification. For a long time, investi-
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gators have taken these phases to be high-
temperature modifications of LnF, (Ln=
Tb-Ho).

The determinant role of vacancies in for-
mation and stabilization of solid solutions
with tysonite structure in the LnF;—MF, and
LnF,—Ln,0; systems is seen in Fig. 7. It shows
the change in decomposition temperature of
the tysonite phases in the various series of
LnF;-MF, systems at anion vacancy concen-
trations x = 0.05 (curve 3), x =0.15 (curve 5,
6), and x=0.25 (curve 7). In the lanthanide
series from FEu to Tm the decomposition
temperature of the tysonite phases, within the
limits of experimental error, increases linearly
for all the phases with a constant value of x.
With increase in vacancy concentration, the
band of trifluorides with which the tysonite
phases are formed increases. Curve | corres-
ponds to the representations of (/5) on the
polymorphism of LnF;; curve 2 represents our
results and those of (/4). It is evident that
both curves lie in the region where x < 0.05.
Curve 4 collects the decomposition tempera-
tures of tysonite “LnF;” according to (20). It
is seen that the vacancy concentration in these
“LnF;" is near x =0.12. In case of partial
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FiG. 7. The temperature of decomposition (tran-
sition) of phases with a tysonite structure for: I, LuF;
according to (15); 2, LnF3 according to (/3, /4) and to
our data; 3, phases of La,_,(Ca, Sr, Ba),F;_, where
x=0.05; 4, **LnF3” according to (20); 5, 6, phases of
Ln,_(Ca, Sr, Ba),Fi_, where x=0.15; 7, phases of
Ln,_(Ca, Sr, Ba),F;_, where x = 0.25.
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hydrolysis with formation of LwnF,_,.0,
phases, this corresponds to a content of 4
mole %, Ln,0;. We note that in the case of
GdF,-Gd,0; this value coincides almost
exactly with the composition of a eutectoid.
Evidently, it must be recognized that the most
widely adopted scheme of LrF, polymorphism
(20) is based on experiment with strongly
hydrolysed fluorides. Figure 7 allows us to
evaluate qualitatively the degree of pyro-
hydrolysis of the trifluorides in the experi-
ments of various authors in the absence of
analyses for oxygen content of the specimens.

General Discussion

The review of literature data on fusion
temperatures, polymorphism, and structure-
type change in the LnF; series, together with
experimental study of the influence of oxygen
and M?** impurities on the behavior of
crystalline forms of LnF;, allows us to draw
the following general conclusions. The dis-
crepancy in the literature data on fusion and
polymorphic transition temperatures in LnF;
has been caused mainly by the fact that many
authors did not succeed in eliminating partial
hydrolysis of the LnF ;. To avoid errors while
studying rare-earth element trifluorides and
the systems in which they participate, it is
necessary to control the oxygen content in the
specimens after thermal treatment.

Figure 8 summarizes our experimental data
on phase transition temperatures in LaF; (the
numerical values and oxygen contents are
given in Table I) and the determinations of
(13, 14). It can be seen that a change in average
oxygen content from 0.003 (/3, /4) to 0.040
wt % (our work) does not make important
differences in the scheme of phase transfor-
mations in LaF;. The fusion temperatures of
LnF, cannot be represented by a single smooth
curve. Deviations of these values in the LnF;
series reflect morphotropic transitions in the
trifluorides. Data presented earlier on the
LnF3—Ln,O; and LnF;-MF, systems together
with the results of Fig. 8 allow us to classify
the lanthanide trifluoride series into four
groups on the basis of structural features.

Group I includes trifluorides from La to Nd
(possibly including promethium) which, over
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according to our data and those of (/3, /4).

the entire temperature range from liquid
nitrogen to fusion, crystallize in the LakF,
structure type. The fusion temperatures de-
crease monotonically with increase in the
lanthanide atomic number (curve I, Fig. 8).

Group Il includes dimorphic trifluorides
from Sm to Gd. The position of the first
morphotropic transition is rather indefinite
since data on PmF; are lacking. This tran-
sition is expressed in the formation of rhombic
modifications (type p-YF;) when the tem-
perature 1s lowered. In the high-temperature
modifications (type LaFj), the range of tem-
perature stability narrows sharply due to a
decrease in the fusion temperature and a sharp
rise in the a == f transformation temperatures
on going from SmF; to GdF; (curve 3. Fig. 8).

Group Ill includes TbF;, DyF;, and HoF;,
which crystallize from the melt in the form of
orthorhombic S-YF,. The second morpho-
tropic transition is registered on the fusion
curve (cf. curves 2 and 4, Fig. 8) by a noticeable
jump.
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Group 1V consists of the trifluorides of Er to
Lu and yttrium, These LuF; are again di-
morphic. Their low-temperature modification
preserves the f-YF; structural type. The high-
temperature form is isostructural with z-YF,
{20). The temperature of the x <= f§ transfor-
mation falls noticeably from ErF, to LuF,
(curve 6, Fig. 8). The high-temperature
modifications of this LnF, group cannot be
quenched; therefore, they have not been
studied enough. It should be noted that the
experimental data we present that allow us
to distinguish the fourth group of trifluorides
are insufficient for a simple conclusion about
the location of the third morphotropic tran-
sition in the LnF, series. The most convincing
argument comes from the study of the heat
of phase transformation in LnF; (13, 14).
According to these data, the heat of fusion of
orthorhombic LuFy (Ln=Tb-Ho) is almost
twice as high as the corresponding charac-
teristic of LnF; (Ln = Er-Lu) which crystallize
in a different structure type. The great heat
effects that accompany transition of the a-YF,
type to orthorhombic, in some cases even
exceeding the heat of fusion, speak of recon-
structive character of this transition. The
thermochemical behavior of YF; convincingly
indicates that it belongs to the last LnF; group.

The phase transitions of orthorhombic
fi-LnF, to tysonite a-LnF, (Ln = Sm-Gd) are
accompanied, according to (/3, /4), by ex-
tremely insignificant heat effects. Rather, this
transition is realized by means of small
movements in the structure. The “‘modifica-
tion™ of tysonite structure type with small
concentrations of impurities turns out to be
Just as effective due to energetic proximity of
orthorhombic and tysonite types of structure
(18).

On the basis of a statistical analysis of data
in the literature (2/-23), three areas of “crys-
tallochemical instability™ are distinguished in
the lanthanide series {elements in whose
compounds structural transitions are observed
most often). The first zone is represented by
Pr, Nd. and Sm; the second. by Gd; the third,
by Dy, Ho, and Er. It is seen that in the
lanthanide trifluoride series all three zones are
fixed by crystallochemical instability.

The sequence of change in LnF; structure
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type with increase in atomic number of the
lanthanide (and with corresponding decrease
in ionic radius. basicity, polarization, and
other characteristics) reflects the tendency to-
ward decrease in coordination number (c.n.).
In the tysonite structure, the c.n. of La’*
equals I'1:in orthorhombic f-YF;itfallsto 9;
and in «-YF; it equals approximately 8 (by
analogy with «-UQj;: 20, 24, 25). The decrease
in coordinating ability of lanthanides with
increase in atomic number is conducive to
heterovalent substitution, as a result of which
phases with a deficit of anions (i.e., with lower
average coordination number of the L.n* ") are
formed. It is possible that this circumstance
plays an important role in therma! stabitiza-
tion of the tysonite structure type by hetero-
valent isomorphous substitution.
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