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The flux growth of crystals of the following complex fluorides is reported: KAIF,,
KMnF;, RbFeF,, Rb,FeFs, Rbs FeF¢, Rb,FeF; (0.18 <x <0.29), CsFeF,, CsFe, F,,
Cs;Fe, Fg, CsFeF; (0.18 <x <0.29), Na, CoFeF,, Na, NiFeF,, Na, NiAIF,,

Na, ZnCrF,, NaCrF4 and Rb,Cr; F,. Flux impurity levels, determined by electron
probe microanalysis (EPMA), were low. However, attempts to produce BaNiF,, BaCoF,,
CsCrF,4 and Cs, Crs F resulted in crystals with higher levels of substitutional impurities.
X-ray powder patterns and EPMA were used to characterize the crystals.

1. Introduction
Many complex fluorides of the transition metals
have been prepared as powder specimens because
of interest in their magnetic properties. The flux
growth method has previously been successfully
used to prepare crystals of some of these materials
[1—4] and its further application is reported in
this paper. In Table 1, the reported magnetic
transition temperatures of some of the materials
described here are listed [5—16]. The compounds
containing Fe?* or Fe* are especially useful for
investigation by the Mdssbauer method.

Of the compounds reported in this paper,
KMnF; [17] is known to melt congruently and

TABLE 1 Magnetic transition temperatures of some
complex fluorides

Formula Tn (K) Reference
KMnF, 275,280,253 [5-7]
RbFeF, 134 [8]

Rb, FeF, 14.2 191
CsFeF, 159 [10]
Rb,FeF, (0.18 <x < 0.29) 80, 116 11, 12]
Cs, FeF, (0.18 <x <0.29) 116 [12]
Na,NiFeF, 90 (Tp) [13]
Na, NjAlF, 90 [14]
BaNiF, 150 [15]
BaCoF, 69.6 {16]

thus can be grown as crystals from the pure melt.
This method produces large crystals relatively
rapidly, but has two disadvantages: firstly,
considerable amounts of pure, oxide-free starting
materials are essential, and secondly, the dislocation
density is usually of the order of 10® to 10% cm™
[18], as compared with 10* em™ for flux-grown
complex fluorides [19, 20]. Zone-refined MnF,
and CoF, can be obtained, but commercially
available FeF;, FeF;, CrF; and NiF, contain
oxides as well as adsorbed water.

The flux growth of Na, CoFeF, and Na, NiFeF,
from NaCl--MCl, has been reported [21]. How-
ever, the crystals were small, and in the present
work alternative flux systems have been investi-
gated. The other complex fluorides reported here
containing FeF,, FeF; and CrF; have not
previously been prepared as single crystals, with
the exception of RbFeF, [4], for which a new
starting composition is given. Many of these
compounds cannot be grown from a pure melt
because they melt incongruently. The flux method
has, however, been shown to be suitable for such
compounds since hydrofluorination of oxide
impurities in the starting materials is readily
accomplished by the addition of NH,HF,
[1-4,22].
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For identification purposes, a thesis by Tressaud
[23] has been particularly helpful. He prepared
powder specimens by reacting the purified
components in sealed tubes of platinum or gold,
and characterized the compounds by X-ray
powder patterns. He also determined melting
points and, in some cases, magnetic transition
temperatures.

2. Chemicals and equipment

The chemicals used were: Koch Light FeF3 and
MnF,; BDH Laboratory Reagent grade NaHF,,
BaF,,KHF,,CsF, CsCl, RbF, NH, HF, and PbCl,;
BDH “Optran” AlF,;, CoF,, NiF, and ZnF,;
BDH “Anatar” CsCl; BDH “Extra Pure” PbF,; and
Cambrian Chemicals CrF;. Platinum crucibles of
0.5 mm wall thickness with close-fitting lids were
used. The crucibles were heated in D-shaped
sillimanite muffles to protect the crusilite elements
from attack by flux vapours [24].

3. Experimental details
The materials were weighed, mixed, placed in
crucibles and the lids fitted as closely as possible.
The crucibles were placed on a layer of alumina
powder in the sillimanite muffle and the entrance
was blocked with refractory brick. The furnace
was heated to the desired initial temperature and
slow cooling was commenced at once.

The starting compositions and furnace pro-
grammes which produced the best crystals are
given in Tables Ilaand b.

4, Results

X-ray powder patterns of the crystals were
compared with published data. When crystals
could not be identified in this way, an empirical
formula was derived from EPMA. The more reactive
fluorides of the transition metals proved to be
difficult subjects for EPMA since they did not
polish well, had poor conductivity, and hydrolysed
readily on exposure to air.

All the compounds contained iron hydrolysed
in water, and mechanical methods of separation
from the flux were thus necessary; accordingly,
the crystals were broken out of the solid flux and
scraped clean with a razor-blade, or the flux was
“hot-drained” from the crucible while molten, by
inverting the crucible and heating to a temperature
above the eutectic.

1450

|

Figure 1 Platelet of KAIF, (mm grid).

5. Notes on the crystals

5.1. KAIF,

The crystals were colouriess, transparent plates up
to 4mm x 4mm x 2mm, and were soft and easy
to bend, like KFeF, [4]. Viewed perpendicularly
to the surfaces, they were optically isotropic. They
reacted with water, forming AI(OH);. One is
shown in Fig. 1.

5.2. KMnF,

The crystals were transparent, pale pink, with
rectangular facets. The larger crystals contained
flux inclusions, but some smaller ones (e.g. 2 mm X
2mm X 3mm) showed no strain and were free
from visible inclusions.

5.3. Compounds in the system FeF;—
RbF—PbCl,

The starting compositions that produced the

crystals indicated are shown in the triangular

composition diagram (Fig. 2a). The crystals are

described below.

5.3.1. RbFeF,

The previously reported composition for flux
growth of RbFeF, contained FeF;, RbCl and
RbF [4]. The composition reported here contains
FeF5, RbF and PbCl,, and yielded thin plates up
to 15mm x 15 mm, which were larger in area than
those obtained earlier. They appeared twinned
under the polarizing microscope, and this was
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m.p. 775

FeF,

mp.>1000°C

{a)

ngx FeF,
LsFe,F,
®CsFeF,

CsFeF,

r
CsFeF,
+TsyFe,

FefF;
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Figure 2 (a) Triangular composition diagram for the system FeF, ~RbF—PbCl,, showing starting compositions that
produced the compounds indicated. (b) Triangular composition diagram for the system FeF, —~CsF—PbCl,, showing
starting compositions that produced the compounds indicated.

confirmed by Laue back-reflection photographs.
The twinning results from crystallographic tran-
sitions below the growth temperature [25].

5.3.2. Rb2F6F5

Rb, FeFs was obtained from composition 5, Table
Ila, which produced also RbjFeFg. The crucible
was “hot-drained” at 520°C. The crystals of
Rb, FeF; were faceted rods with rough surfaces,
up to 3.5mm x 2mm X 1 mm. The rods were
colourless and transparent; carefully selected
crystals showed simultaneous extinction. The
Maossbauer spectrum showed no sign of Fe?*.

5.3.3. RbzFefFg

This material could easily be distinguished from
the transparent rods of Rb, FeFs, which were also
present, since it formed a layer of closely packed,
milky crystals, each about 1.5mm in all dimen-
sions, at the crucible wall. Apparently, Rb; FeFg4
crystallized first, followed at a later stage by
Rb,FeFs. Under the polarizing microscope, it
could be seen that extinction occurred. No crystal-
lographic facets were evident.

EPMA indicated that the Rb:Fe molar ratio
was 2.99:1, in good agreement with the formula
Rb;FeFg. X-ray powder pattern data are given in
Table III.

5.3.4 aRbx FeF, (0.18 <x <0.29)

The structure of this material is very similar to

TABLE III X-ray powder pattern data for Rb,FeF,

Intensity, estimated dops (R)
\AY 5.9
W 3.59
\A 3.49
VW 3.27
\'A 3.15
\A 2.896
VW 2.700
w 2.571
vw 2.337
S 2.227
S 1.823
vw 1.776

that of Rb, FesFyy [26],and both closely resemble
that of the tungsten bronze aM,WO,. Thus it is
very difficult to distinguish between aRb,FeF;
and Rb,FesF;; by X-ray methods. The powder
patterns have identical d-values and similar inten-
sities except for a few of the weaker lines [26, 27].

The Rb, FeF; crystals were obtained as black,
shiny, brittle hexagonal rods (Fig. 3) when the
starting temperature was 870°C, while lower
starting temperatures (near 650° C) gave a platy
habit. Mossbauer experiments showed that crystals
of both habits contained Fe?* and Fe®* in a ratio
corresponding to the formula Rb,FeF; (0.18 <x
< 0.29), or approximately RbF-FeF, «-3FeF;. The
X-ray powder pattern was in close agreement with
that of Rbg,s FeF; [27].
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Figure 3 Rods of Rb,FeF, (mm grid).

5.4, Compounds in the system FeF; —CsF—
PbCl,

The starting compositions that produced the

crystals indicated are shown in the triangular

composition diagram (Fig. 2b). Notes on the

crystals follow.

5.4.1. CsFefF4

Large, thin plates resulted from starting compo-
sition 5. They were transparent, purplish or
brownish, and cleaved less readily than KFeF, and
RbFeF,. Thicker crystals of CsFeF,, transparent
and up to 1.5 mm thick, resulted from composition
6. Some are shown in Fig. 4. The X-ray powder
pattern data are given in Table IV. Mossbauer
experiments showed that no Fe?* was present in
the crystals.

5.4.2. CszFesFg

Composition 7 produced a second phase in the
form of colourless, triangular or hexagonal platelets
up to 4mm X 4mm x 0.5mm at the melt surface,
and also large thin sheets throughout the melt.

5 IR 4 1 B Exie = bl 15, £ S B
= e e SR -L.1_

e

l
|

Figure 4 Platelets of CsFeF, (mm grid).
1452

TABLE IV X-ray powder patter data for CsFeF,

Intensity, estimated Akl dops (R) deale. (A)
VW 010 6.580 6.56
AL 012 3.345 3.345
M 020 3.275 3.278
M 202 2.748 2.740
MW 212 2.539 2.533
MW : 220 2.503 2.498
W 222 2.099 2.102
MW 004 1.944 1.944
MW 230 1.903 1.902
MW 214 1.682 1.680
\A 4 040 1.645 1.640
\AU 234 1.360 1.360
g, = 173A, b, = 6564, ¢, = 7.78A

Since they reacted with water and were fragile, it
was not possible to recover the sheets intact.
EPMA (Table V) was in good agreement with the
formula Cs3Fe, Fy and showed very low impurity
levels. This material had previously been prepared
only as a powder, and the published umit cell
dimensions and space group [28] were used to
index the X-ray powder pattern obtained from
single crystal material, which is given in Table VI.
Méssbauer experiments showed that Fe?* was
almost certainly absent.

TABLE V Composition of Cs,Fe,F, confirmed by
EPMA

Formula requires (%) EPMA indicates (%)
Cs 58.5 572
Fe 164 16.4
F 25.1 24.2
Pb 0.03
1 0.01

TABLE VI X-ray powder pattern data for Cs,Fe, F,

Intensity, estimated A kil dops (A) deate (R)
S 1013 3.66 3.66
S 1120 3.16 3.17
VW 1014 3.06 3.06
W 0006 2.462 2.462
VS 2023 2.395 2.397
VW 1016 2.249 2.246
VW 1017 1.974 1.970
VW 1126 1.941 1.944
W 2133 1.910 1.911
M 3030 1.828 1.829
MS 2240 1.585 1.584
W 3143 1455 1.454

a3, = 6.335()A ¢, = 1477 () A (P62c [28])



5.4.3. CsFesF;

i.arge black plates grew at the melt surface and
smaller black octahedra, 2mm on edge, were
found on the wall and base of the crucible.

The ratio Cs:Fe, determined by EPMA, was
1:1.9. The Méssbauer spectrum indicated ‘that iron
was present almost entirely as Fe®*, and that two
sites are present in the unit cell. The EPMA and
Maossbauer spectrum are thus both in agreement
with the formula CsFe, F,, with two sites for Fe**.
A structure analysis has been undertaken [29].
Laue photographs showed that the octahedra
examined were single crystals. X-ray powder pattern
data have been indexed similarly to pyrochlore
[30] and are given in Table VII.

5.4.4. CsyFeF3 (0.18 < x <0.29)

Cs, FeF; has a structure very similar to Cs; FesFy,
[14]; thus, like the Rb analogue, it closely
resembles the tungsten bronze structure. It is
similarly difficult to distinguish between these two
forms on the basis of X-ray methods. The crystals
gave an X-ray powder pattern which agreed closely
with data obtained from a sintered sample [23].
The indexed powder pattern, obtained from single
crystal material, is given in Table VIIL.

5.5. Na, ABF,

Crystals with A = Mn, Ni and Co, B = Fe, Al, have
previously been prepared from NaCl + MCl, as
flux, in sealed platinum crucibles [21]. In the
present experiments, PbCl, was used as flux in
crucibles with well-fitting lids. The yields were
large and, because the crystals were intergrown,
only a few were faceted. They were soft and rather
fragile. Some of these compounds are described
below.

TABLE VII X-ray powder pattern data for CsFe,F,

Intensity, estimated  hkl dops (A) deate (A)
M 220 3.66 3.66
VS 311 3.13 3.13
W 222 2.993 2.992
W 400  2.591 2.591
W 331 2377 2.378
W 422 2115 2.116
S 333 1.996 1.995
S 440 1.833 1.833
W 620  1.640 1.639
W 533 1.581 1.581
VW 622 1562 1.563
2, = 1037 4

TABLE VIII X-ray powder pattern data for Cs,FeF,
(0.18 <x <0.29)

Intensity, estimated A kil

d obs (A) dcalc (A)

MW 0002 3.813  3.815
S 1012 3.286  3.286
VS 2020 3.246  3.235
M 1122 2.678  2.669
W 2130 2445 2445
w 2132 2.060  2.059
M 3032 1.872  1.867
MW 3033 1.654  1.654
VW 4042 1.486  1.489
vw 2244 1.338  1.334
VW 4153,4034 1.239 1.234
a, = 7474, ¢, = 7.63A.

5.5.1. Na,CoFef,

The crystals were brownish pink, translucent, and
up to Smm x 4mm X 3mm in size. Extinction
was not simultaneous. The X-ray powder pattern
agreed with published data {31] and EPMA was in
good agreement with the formula, indicating only
0.1%Cl and 0.3%Pb in the crystal (Table IX).
However, EPMA showed, in addition, many small
precipitates of PbCl, throughout the crystal.
Mossbauer experiments indicated the absence of
Fel™.

5.5.2. Na,NiFeF,

The shiny dark-brown crystals, up to 10mm x
10 mm x 6 mm, cleaved easily. Under the polarizing
microscope, smaller platelets appeared yellow and
showed simultaneous extinction. Some small
octahedra were also present. The X-ray powder
pattern agreed with ASTM data [32]. Mossbauer
experiments again indicated the absence of Fe?™,

5.5.3. NayNiAlF;

The crystals were soft, brittle and pale green.
Some were. rod-shaped, while others were pseudo-
cubic, and the smaller crystals showed simultaneous
extinction. Some NiF, crystalsgrew at the crucible
base; these were a brighter, yellowish green. X-ray
powder pattern data for crystals of Na, NiAlF, are
given in Table X, and some are shown in Fig. 5.

5.5.4 NazZnCrF7

A layer of dark green crystals grew at the surface
of the melt and separate pseudocubic crystals up
to 2mm X 2mm x 2mm were attached to the
crucible walls. Under the polarizing microscope,
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TABLE IX EPMA data for crystals of Na, CoFeF,

Na,CoFeF, requires (%) EPMA indicates (%)
Na 15.7 159
Co 19.0 194
Fe 20.1 20.9
F 45.3 43.9
Cl 0.1
Pb 0.3

the crystals were seen to be intimately twinned.
X-ray powder pattern data are given in Table X.

5.6. NaCrF,

The crystals grew as dark green, faceted, platy rods
up to 3.5mmx 1.0mm x 0.5mm. Under the
polarizing microscope, most showed simultaneous
extinction but twinned regions were visible in

some. The X-ray powder pattern was in good
agreement with ASTM data [33].

5.7. BRbCrF,

The surface of the solidified melt was covered with
microscopic needles. The X-ray powder pattern of
these needles agreed with ASTM data [34].

5.8. Rb, Crs Fy;

These crystals grew as brownish-green fibrous
aggregates, up to 8 mm x 2 mm X 2 mm, Extinction
was not uniform. Some are shown in Fig. 6.

TABLE X X-ray powder pattern data for Na,NiAlF,
and Na, ZnCrF,

Intensity, hkl Na, NiATF, Na, ZnCrF,

estimated dobs  deale dobs  deale
(A (A) (A) (A)

Vs 011 595 592 6.02 6.09

MS 101 510 509 520 520

MS 121 3.58 3.58 3.66 3.67

S 031,211 3.04 305 311 312

Vs 022 2962 2962 3.00 3.04

Vs 220 2.892 2.894 2966 2956

W 202 2.548 2.546 2.591 2.601

Al 040 2,515 2515

w 013 2375 2374

VW 132 2.335  2.335

w 103 2311 2309 2.374  2.369

w 222 2273 2271 2322 2.325

M 113 2.249 2251 2305 2.309

vw 123 2.100 2.099

w 042 2.075 2.074

vw 321 2,050 2.050 2.096 2.092

MS 033 2,173 2.174 2041 2.031

a, = 7077TA a, = 7.198A

b, = 1006 A b, = 10.37 A

¢, = 732948 ¢, = 75264
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Figure 5 Crystals of Na, NiAlF, (mm grid).

Figure 6 Needles of Rb,Cr F,, (mm grid).

The X-ray powder pattern resembled that of
K,VsFy; [35]. EPMA was in good agreement
with the formula Rb,CrsF,,, with only 0.9%Pb
and 0.3% C in the crystal (Table XI).

5.9. (Cs, Pb) CrF,
The crystals grew as dark green rods up to 6 mm X
0.5 mm x 0.5 mm, with hexagonal facets.

The X-.ray powder pattern differed from that
published for CsCrF, [36]. EPMA showed a
considerable amount of Pb in the lattice, and was
in good agreeement with the empirical formula
(Cso.6Pbg .2 ) CrF, (Table XII).

5.10. (Cs, Pb), Cry ¢ Fy
The batch which produced (Cs, Pb) CrF, also
yielded irregularly shaped, brownish-green plate-
lets, typically 2 mm x 3mm x 0.5 mm. They were
transparent and highly twinned. The X-ray powder
pattern data differed from that published for
Cs, Cr5Fyq [37], and EPMA showed the presence
of a large amount of Pb in the lattice (Table XII).
It thus appears that flux systems containing
lead are not suitable for the complex fluorides of
caesium and chromium. This is unexpected, since



TABLE XI EPMA data for crystals of Rb,Cr, Fy,

Rb,Cr,F,, requires (%) EPMA indicates (%)
Rb 22.6 23.6
Cr 344 344
F 42.8 44.1
Pb 0.9
Ci 0.3

as shown in Sections 54.1 to 5.4.4, there is little
substitution of lead in the caesium iron flourides.

5.11. BaMF,

Attempts to produce crystals of BaNiF; and
BaCoF, were made, using as fluxes PbCl,, PbF,,
LiBr and CaF,-CaCl,. Only PbCl, produced
crystals with compositions approximating to
BaMF,, as shown in Table XIII. EPMA data
indicated that the incorporation of Cl~ and Pb?*
were both unusually high, approximately 6% and
3%, respectively. The high chloride content was
unexpected, since CI° has a much larger ionic
radius than F~ (1.8 A and 1.3 A, respectively), and
the chloride content of fluorides previously grown
from PbCl, or KCl as flux has been very low, as
shown in Table XIV. The rather high Pb content
was, however, not unexpected since the ionic
radius of Ba®* (1.4 A) is not very different from
that of Pb?* (1.3 A).

5.11.1 (Ba, Pb) Ni (F, Cl)4

A layer of yellow—green, transparent rods up to
6mm x 2mm X 0.5 mm grew at the melt surface.
The crystals showed simultaneous extinction. The
X-ray powder pattern data for (Ba, Pb) Ni (F, Cl)4
showed fair agreement with ASTM data for BaCoF,
[42] but not with ASTM data for BaNiF, [43].

5.11.2 (Ba, Pb) Co (F, Cl),

Scarlet rods, up to 3mm x 0.5mm x 0.2mm,
were obtained and these showed simultaneous
extinction. The X-ray powder pattern of (Ba, Pb)
Co (F, Cl), was in fair agreement with ASTM data
for BaCoF, [42].
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