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The effects of oxidation in both normal and moist air upon powdered single crystals of
the scheelite-type compounds LiYF,, LiErF,, a8-YLF (LiYg.434Ero.s TMg.05sHOg. 011 Fa)
and of-LuLF (LiLug 434Ero.sTmg.0ssHOg. 011 F4) have been studied by X-ray powder
diffraction and differential thermal analysis. For all the materials the oxidation rate is
enhanced in the presence of moisture. The oxidation process results in the formation of
rare-earth oxyfluoride phases, LiYF,, forming yttrium oxyfluoride (with a rhombohedral
phase predominating) and LiErF, forming erbium oxyfluoride (with a tetragonal phase
predominating). The LiYF,; compound oxidizes more rapidly than LiErF, both in normal
and moist air. The more complex o-Y LF compound oxidizes to form a mixture contain-
ing significant quantities of both the rhombohedral and tetragonal rare-earth oxyfluoride

phases. The of-LuLF compound oxidizes to form the tetragonal rare-earth oxyfluoride
phase together with a very small amount of the rhombohedral variety. The melting
reactions of oxidized samples are very broad thermal events which are coupled with the
presence of a strong LiF/LiRF,-type eutectic component. These observations are
rationalized in terms of the appearance of excess LiF due to selective oxidation of the

trifluoride component.

1. Introduction

Single crystals of certain rare-earth mixed fluorides
based on the scheelite-type LiRF, (R = rare-earth
ion or mixture thereof) compounds can be used as
eye-safe solid-state lasers [1, 2]. These crystals are
grown using the Czochralski technique from a melt
composed of appropriate amounts of the individu-
ally zone-refined bars of the LiRF, compounds
which constitute the complex. The complexes
examined here are Li(Yj.430Erg,sTmg,0ssH00.011)
Fy, known as af-YLF and Li(Lug 43, Erg.sTmg oss
Hog.p11}Fs, known as of-LulF. Translucent and
opaque regions which sometimes: occur in these
otherwise clear single crystals have been shown by
X-ray powder diffraction to'exhibit lines additional
to those characteristic of the tetragonal scheelite
structure and these can be attributed to impurity
phases. The present work was designed to identify
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these phases and thereby help to establish the nature
and origin of the impurities in these materials.
Mass spectrometric analysis has established that
the content of impurities with atomic numbers
between 5 and 92 (except for C and Q) is low [2];
hence, the most likely impurities are oxygen, water
vapour or complexes formed with these species.
Thus, X-ray diffraction and differential thermal
analysis (DTA) studies have been carried out on
material obtained from transparent, translucent
and opaque regions of both zone-refined and
Czochralski material (a)in its as-grown state,
(b) when oxidized in air at 600° C and, (c) when
oxidized in moist air at 600° C.

2. Experimental procedure
2.1. Crystalline preparation
A description of the starting materials and the
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preparation procedures used in the production
of the zone-refined bars and single crystals used
here has been given in other publications {2, 3].
Powdered samples were prepared from optically
clear and opaque regions of both zone-refined
bars of LiYF,, LiErF;, of-YLF, af-LuLF and
Czochralski crystals of o3-YLF and of-LuLF. Both
the bars and crystals are predominantly clear whilst
the opaque region is the last portion to crystallize.
Occasionally, the bulk of a bar or crystal or the
transition region from optically clear to opaque
material can be translucent and such material has
also been studied. It is known from earlier studies
[3,4] that the translucent and particularly the
opaque material contains excess constituents as
second phase, that is excess LiF or RF; with
respect to LiRF,. It should be noted however that
even the opaque material consists predominantly
of the particular LiRF, compound.

2.2. Oxidation experiments

Powder samples, prepared by rotary grinding to a
particle size of approximately 50um, were con-
tained in an alumina boat and heated either in
normal or moist air at 600° C for up to 20h.

2.3. X-ray diffraction and differential
thermal analysis

After oxidation each sample was examined by
(a) X-ray powder diffraction using CrK« radiation
in the standard Debye—Scherrer technique, and
(b) differential thermal analysis (DTA) using a
Linseis L62 analyser in the manner described pre-
viously [3,4]. For the DTA, special conditions
were the use of purified argon to prevent undesir-
able contamination and a reduction in linear
heating rate from 10 to 2°Cmin™" at thermal
events in order to enhance resolution. Unreacted
powder samples were also studied as standards.

3. Results and discussion

3.1. X-ray diffraction studies

3.1.1, oB-YLF oxidation

The diffraction patterns of the powder obtained
from clear material exhibit diffraction lines
characteristic of the tetragonal scheelite structure
only. In contrast, corresponding patterns of
opaque material and, to a lesser extent, translucent
material, exhibit additional very weak low-angle
lines which can be attributed to the presence of
impurity phases. The d-spacings of these low-angle
lines are, 4.99, 4.68,3.27 and 3.14 A.
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After the oxidation treatments outlined above,
the diffraction patterns show marked changes. The
clear material still exhibits strong lines character-
istic of the scheelite-type structure but with
additional lines. These additional lines are more
intense in the diffraction patterns of powders
oxidized in moist air. In contrast with the behav-
iour of the clear material, the diffraction patterns
from opaque and translucent material exhibit
evidence of a substantial phase change after high-
temperature oxidation, particularly in moist air,
where the patterns change completely from the
original scheelite structure. Typical diffraction
patterns are shown in Fig. 1. ,

A common feature of the diffraction patterns
obtained from the oxidized powders is the
strengthening of the impurity line at d = 3.14 A,
originally observed in unoxidized opaque samples,
and the disappearance of the other lines. Fig. 1
shows that this line appears on heating powdered
clear material at 600° C in air for only 10min.

The diffraction pattems indicate that the
changes caused by heating in moist and dry air are
the same, the effect of the water vapour being to
increase the rate at which these changes occur.

3.1.2. LiYF,, LiErF,, YF;, ErF; and LiF
oxidation studies

In order to elucidate the nature of the changes
that occur on oxidizing of-YLF, powders from
zone-refined bars of its major constituents, LiYF,
and LiErF, (both clear and opaque material), were
reacted under identical conditions to those out-
lined above. X-ray diffraction studies of these
compounds, (see Fig.2), show that: (a)the
LiYF,; powder is more reactive than the corre-
sponding LiErF, powder which could suggest
that LiYF, is the least stable of these two phases,
(b) only the LiErF; powder (opaque material)
exhibits the 3.14 A impurity line in the as-grown
state, (c) powdered material of both phases
exhibits extensive reactivity, particularly in moist
air conditions, to the extent that the LiYF,
powder shows none of the original compound
lines after annealing in moist air at 600° C for
4h. However, for LiErF,, original compound
lines are still visible after an identical treatment,
and (d) the diffraction patterns of the oxidized
powders of LiYF, and LiErF, (opaque material)
are distinctly different from one another.

Figs 1 and 2 show that the pattern of the
oxidized of-YLF powder (opaque material) is
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Figure 1 The Debye-Scherrer patterns of oxidized og-
YLF. (a) Czochralski af-YLF clear as-received (scheelite-
type structure (b) Czochralski o8-YLF clear heated in air
for 10min at 600° C. The impurity line d = 3.14 A is
faintly visible. (c) Czochralski og-YLF clear oxidized in
air at 600° C for 4h. (d) Zone-refined of-YLF opaque
oxidized in air at 600° C for 4 h. (e) Zone-refined ag-YLF
opaque oxidized in moist air for 4 h at 600° C.

'{f} %

Figure 2 The Debye—Scherrer patterns of oxidized LiYF,
and LiErF, (opaque Czochralski material). (a) LiYF,
opaque as-received. The impurity line d = 3.144 is
absent. (b) LiErF, opaque as-received. The impurity line
d = 3.14 A is visible. (c) LiYF, opaque oxidized in air for
4h at 600° C. (d) LiYF, opaque oxidized in moist air
for 4h at 600° C. (e) LiExF, opaque oxidized in air for
4 h at 600° C. (f) LiEfF, opaque oxidized in moist air for
4 h at 600° C.
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Figure 3 The Debye--Scherrer patterns of (a) oxidized Czochralski a-YLF (opaque material) in moist air for 4 h at
600° C and (b) the composite pattern of oxidized LiYF, and LiE:F, (opaque materials) under conditions similar to (a).

much more complicated than those of the oxidized
LiYF, and LiErF, powders. If, however, the
latter two patterns are syperimposed, an excellent
match of the line sequence is obtained with the
oxidized af-YLF powder (see Fig.3). Thus, the
oxidation process in of-YLF results in the for-
mation of at least two reaction products with the
same structures and closely similar d-spacings as
oxidized LiYF, and LiErF,. However, because of
the relatively very weak X-ray scattering power
of Li atoms compared with rare-earth atoms, these
diffraction patterns provide no information on
Li-rich phases which might form during oxidation.
In consequence, the principal components of the
complex compound, namely, LiF, YF; and ErF;
were also heated in moist air for comparison of
their reaction products with those of LiYF, and
LiErF;. No change is observed in the diffraction
pattern from LiF, even after oxidation at 600° C
for 20h; hence, no contribution to the patterns
of oxidized scheelites is likely from LiF. The
diffraction pattern of oxidized YF; is identical to
the tetragonal structure of yttrium oxyfluoride
plus some weak lines due to the rhombohedral
varient of this phase [5,6]. The pattern of oxidized
ErF; is identical to the rhombohedral structure of
erbium oxyfluoride [5,6]. Comparison of these
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diffraction patterns for oxidized YF; and ErF;
(Fig. 4) with those for oxidized LiYF, and LiErF,
shows conclusively that the oxidation products of
the latter two phases are, respectively, yttrium
oxyfluoride with the rhombohedral structure and
erbium oxyfluoride with the tetragonal structure.

It should be noted that the structures of the
oxidation products for the scheelites are the inverse
of those for the corresponding fluorides. This
apparent difference in behaviour can be rationalized
by the work of Niihara and Yajima [6] who
showed that a rhombohedral oxyfluoride occurs
at the stoichiometric composition, ROF, whereas
a tetragonal oxyfluoride occurs at the composition
R4O;3F; but with a large range of homogeneity.
Thus, the inverse behaviour of the trifluorides
and scheelites upon oxidation merely reflects
the formation of oxyfluorides with different
stoichiometries.

For completion, it should be noted that there
is no evidence of oxide presence (Y,03 or Er,03)
on any of the diffraction patterns of oxidized
LiRF,; or RF; materials.

These observations establish that heating
af-YLF in air yields reaction products based on
the tetragonal and rthombohedral rare-earth
oxyfluoride phases, the rare-earth component
being a mixture of the constituent rare-earths

Figure 4 The Debye—~Scherrer patterns of (a) unreacted
ExF, (as-received powder), (b) as-received ErF, powder
after oxidation treatment (moist air 600°C, 4h) and
(c) as-received YF, powder after oxidation treatment
(moist air 600° C, 4 h).



(typically  Yo.434Ero.s Tmo,0s5Hog.011). The  co-
existence of the two forms of the oxyfluoride phase
can be attributed to different stoichiometries of
the two variants, as discussed earlier. Dissociation
of the compound into individual oxyfluoride
phases such as YOF and ErOF is unlikely as this
would lead to significant broadening of individual
reflections, which is not observed.

3.1.3. af-LulL F oxidation studies

The diffraction pattern of powder obtained from
clear of-LulF crystals exhibited only lines due
to the scheelite structure, whereas powder from
opaque material exhibited additional weak low-
angle lines at similar d-spacings to those observed
in the corresponding o-YLF diffraction pattern.

When powdered opaque of-LulLF is oxidized
for 4h at 600° C in moist air, fundamental changes
in the X-ray diffraction pattern occur. As in the
case of off-YLF, the scheelite lines disappear com-
pletely and are replaced by a new set of very well
resolved diffraction lines, even at high Bragg angles,
as illustrated in Fig. 5. Comparison of this pattern
with those described earlier shows almost complete
identity with oxidized LiErF,; powder, the only
differences being a small displacement of all lines
to lower d-spacings and the presence of some
additional, weak, low-angle reflections. This dis-
placement is consistent with the lower mean
ionic diameter of the composite R-component
(Lug.434Erg.sH0g.011 Tg.gs5) compared with that
of erbium. The absence of any phase separation
into the individual rare-earth oxyfluorides is
indicated by the very well resolved, high-angle
reflections. Comparison with erbium oxyfluoride
shows that the structure of the predominant
phase is tetragonal but as the additional weak low-
angle lines correspond with the same sequence
of lines exhibited by yttrium oxyfluoride, the
presence of a small percentage of the rhombohedral
phase is indicated.

The diffraction pattern of an opaque af-LuLF
sample heated in air at 600° C and then examined
by DTA exhibited only lines due to the rhombo-
hedral structure. This observation is consistent
with the arguments based on stoichiometry
presented earlier since the stoichiometry and there-
fore the structure of the rare-earth oxyfluoride
phase is likely to depend upon the particular
thermal history of the sample. The well resolved
diffraction pattern again precludes dissociation
into the individual rare-earth oxyfluorides.

3.2. Reaction kinetics
The powdered opaque material was observed to be
much more reactive than the corresponding clear
material. This could be due to the presence of some
oxyfluoride or an excess of one of the components
(LiF or RF;), which would necessarily imply a
lower relative stability for the opaque material. For
both materials the oxidation process is enhanced
by the presence of water vapour. As mentioned
earlier, very weak additional lines were observed in
the diffraction patterns of as-grown opaque samples
of af-YLF and LiErF,;. Apart from the line with
d=3.14A, these additional lines disappear on
subsequent oxidation at 600° C. Such behaviour
could be associated with the formation of a
hydroxide phase as an intermediate step in forming
the oxyfluoride.

Examination of the reacted powders indicated,
as expected, that the oxidation process is surface
dominated. This was confirmed by further crushing

d= 3)_';-’12

Figure 5 The Debye—Scherrer patterns of (a) unreacted
af-LuLF (opaque Crzochralski material, (b) oxidized
af-LuLF (opaque Czochralski material), 600° C, 4 h and
(¢) sample from (b) after DTA investigation.
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some oxidized af-YLF opaque powdered material,
the diffraction pattern of which exhibited strong
lines due to the reaction product. The recrushing
produced significant enhancement of diffraction
lines attributable to the original af-YLF phase.

The changes in intensity of the various diffrac-
tion lines on oxidization of the af-YLF powders
indicate that the first phase to form (after the
formation of a possible intermediate hydroxide)
is the tetragonal oxyfluoride which gives rise to
the strong reflection with a d-spacing of 3.14 A.
The rhombohedral phase appears at a later stage in
the oxidation process, which is entirely consistent
with the work of Niihara and Yajima [6] who
showed that the tetragonal phase occurs around
R40;3Fs (R/O = 1.33) whereas the rhombohedral
phase occurs at ROF (R/O = 1.0).

3.3. DTA studies

DTA studies of melting reactions provide consti-
tutional information on the whole of the powder
samples, not only the surface. Thus, information
obtained from DTA studies on powder oxidized

without recrushing relates mainly to the underlying
bulk material and is therefore complementary to
that obtained from X-ray diffraction studies.
Typical DTA melting profiles obtained in the
present work are shown in Fig. 6 with general
observations summarized in Table 1.

The DTA melting profiles of powder obtained
from clear zone-refined bars of af-YLF are sharply
defined and similar to those observed previously
for this material [3, 4]. Samples from translucent
regions exhibit broader melting reactions together
with a weak reaction around 700°C, due to
the presence of some LiF/LiRF, eutectic. The
sensitivity of DTA measurements due to the
presence of excess LiF was even more evident in
powder obtained from opaque regions of the zone-
refined bars. In these cases, the melting reactions
were very broad and accompanied by a much
larger eutectic peak around 700° C.

The melting behaviour of the clear materials
was changed substantially by oxidation treatment,
the sharp melting profiles being replaced either
by a much more diffuse melting reaction at lower

839°¢C 830°C
20
710°C 695°C
=
s
~
> < 10
i} 40 Eutectic reaction
<1
60
80
{a)
848°C 816°C
0 79°¢C 697°C Figure 6 The DTA traces of the
5 melting reactions of (a) an “‘as-
F 120 3 crushed” sample of a-YLF
g = obtained from the translucent
<+ 30 < 0 region of a Czochralski crystal,
(b) and (¢) a sample obtained
}40 {¢)  Eutectic reaction from the same region of the
crystal which has been oxidized
L by heating in moist air at 600° C
(b} prior to the DTA study.
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temperatures or a complete absence of a melting
reaction in the temperature range examined. Both
these effects were accompanied by the appearance
of a strong eutectic reaction at 700° C, a reaction
which was totally absent in the original clear
material. The presence of a eutectic peak in
oxidized material coupled with the lowering of the
melting reaction temperature clearly indicates that
a LiF/LiRF,-type eutectic and primary phase
mixture is produced by oxidation. These effects
are accentuated in oxidized translucent and
opaque materials with the very diffuse melting
reactions being depressed to even lower tempera-
tures and the eutectic peaks becoming even
stronger. Such effects are consistent with these
melts being richer in LiF than in the case of
oxidized clear material.

The present observations show similarities to
those of Abell efal. |3, 4], who investigated the
melting profiles of some LiY;._,Er,Fs compound
(0 <x < 1.0) and found that the melting behav-
iour of these materials was very dependent on the
nature of the components (LiF and RF;) and the
melting environment. For example, melting zone-
refined material under carefully purified argon
produced sharp DTA profiles compared with broad
or double peaks at significantly lower tempera-
tures when melting unrefined material in unpurified
argon. This behaviour was interpreted in terms of
the melt moving to the LiF-rich side of the LiRF,
composition due to contamination; a possible
mechanism suggested for this change was the
selective oxidation of the RF; component to pro-
duce an oxyfluoride {4]. The present work, where
much more extreme conditions of contamination
have been employed, establishes the authenficity
of this mechanism.

4. General discussion and conclusions

The X-ray diffraction studies reported here establish
the instability of the LiRF, and RF; phases and
the stability of LiF under the oxidation conditions
employed. It is also clear that selective oxidation
of LiRF, phases produces rare-earth oxyfluorides
and hence LiF. Thus, upon oxidation, powdered
single phase LiRF, changes to a mixture of ROF,
R,03F; and LiF on the surface of the powder
particles with unoxidized LiRF, contained within
the particle. Upon remelting, as in the DTA studies,
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the presence of the excess LiF results in a change
from a sharp melting reaction, characteristic of
clear material, to a broad melting reaction at a
lower temperature together with the appearance of
the LiF/LiRF, eutectic reaction at around 700° C,
due to the mixing of the LiF with the unreacted
RLiF, phase; the rare-earth oxyfluorides, having
high melting points, must remain unmelted. This
model is totally consistent with the X-ray diffrac-
tion and DTA data on oxidized samples reported
here and in previous publications [3, 4].

It is demonstrated that both translucent and
opaque LiRF, are more readily oxidized than clear
material and that the oxidation rates for all the
materials are significantly higher in moist air than
in normal air conditions.

Oxidation of LiYF, yields an yttrium oxy-
fluoride phase with a rhombohedral structure
whereas oxidation of LiErF, produces an erbium
oxyfluoride phase with a tetragonal structure. This
behaviour can be attributed to the formation of
oxyfluorides with differing stoichiometries.

Oxidation of af-YLF and of-LuLF produces a
mixture of two rare-earth oxyfluoride structures,
the majority phase being tetragonal and the other
thombohedral. There is no evidence of any
dissociation into individual rare-earth oxyfluorides
and the co-existence of the two structures can be
attributed to their different stoichiometries.
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