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The stability of the cubic high-temperature (HT) form of
Cs,KMnF,, with an elpasolite structure, is studied at elevated
pressures. The present study shows that the HT form of
Cs,KMnF, undergoes a pressure-induced phase transition at
40 kbar to a more ordered high-pressure (HP) phase of lower
symmetry. The space group symmetry of the HP phase,
I4/mmm, is the same as that observed for the low-temperature
(LT) phase. High-pressure studies performed on the LT phase
indicated no transitions up to 50 kbar and gave compressibility
features similar to those obtained for the HP phase. Single-
crystal X-ray diffraction data for the HP phase were collected at
44 kbar. Refining nine structural parameters against 69 indepen-
dent significant reflections gave a linear R value of 0.072
(wR =0.086). The values of the positional parameters are in
agreement with those observed for the LT phase under ambient
conditions. The transition characteristics for the HT form de-
pend on the crystal quality and/or the pressure transmitting
media used. With liquid argon, loaded into the pressure cell at
low temperature and ambient pressure, the transition pressure
became 30 kbar. With methanol:ethanol:water, loaded under
ambient conditions, the transition was observed at 40 kbar.
© 2000 Academic Press
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INTRODUCTION

Recent studies in this laboratory (Xu, Carlson, Sjodin,
and Norrestam (1)) showed that Cs,KMnFg is polymorphic
and adopts a tetragonal elpasolite low-temperature (LT)
structure when quenched from below 530°C, while a cubic
high-temperature (HT) phase is obtained by quenching
from well above this temperature. If the structure of the LT
phase is described by the nonconventional F4/mmm sym-
metry, an a:c ratio of 0.97 is obtained, indicating that the
structure is pseudocubic.

The phase transition from the LT to the HT form ori-
ginates from the directional disorder of the Jahn-Teller
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distortion around the Mn®* ion. When hydrostatic pressure
is applied to such a structure, constraints are imposed on
the structure, yielding a more efficient packing. On this basis
it seemed likely that the cubic HT phase would undergo
a pressure-induced transition to a high-pressure (HP) phase
with ordered distortions, and that the HP phase would be
closely related to the LT phase.

The present study was undertaken to find out whether the
high-temperature form of Cs,KMnFg exhibits a pressure-
induced phase transition and whether the transition is re-
versible, and also to determine the structure of a the new
high-pressure phase if formed. This work is part of a re-
search project concerned with structural studies of
transition metal fluorides, particularly those containing
Jahn-Teller distortions, at different pressures and temper-
atures.

EXPERIMENTAL

Synthesis. The LT form of Cs,KMnF¢ was prepared by
heating a mixture with the composition 2CsF + KF
+ MnF;, at elevated pressure. The mixture was put into
a gold ampoule, which was sealed and inserted into a stain-
less steel container. The steel container was then filled with
water and heated to 520°C at an external pressure of
2.5 kbar. To obtain the HT form, an LT specimen was put
into a platinum tube, which was sealed and inserted into
a quartz ampoule. The quartz ampoule was then evacuated,
sealed, and heated to 600°C for 24 h, after which it was
rapidly quenched in cold water.

High-pressure studies. A Merrill-Basset type of dia-
mond anvil cell (DAC) (Diacell Products Uxor cell, 600 pm
culet diameter) fitted with an Inconel gasket of thickness
~ 400 pm, was used for the high-pressure studies. The gas-
kets were preindented between the diamond anvils before
a hole of &~ 300 um diameter was drilled in the center of
each one with an electroerosion device (Betsa, MH20 sys-
tem). The cubic HT form of Cs,KMnF, was studied with
two different pressure transmitting media. In studies involv-
ing argon as transmitting medium, the DAC was filled by
placing it, almost closed (< 0.1 mm opening distance),
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under liquid argon for a few minutes. The cell was then
closed, still under liquid argon. The compressibility of the
tetragonal LT form of Cs,KMnF¢ was measured with pen-
tane:isopentane (1:1) as the pressure medium. X-ray powder
patterns of Cs,KMnFy were recorded from well-ground
samples filled into gasket holes with diameters of ~ 200 um,
also with pentane:isopentane (1:1) as the pressure medium.

Pressures in the DAC were estimated from fluorescence
wavelength shifts observed from small ( < 20 pm) ruby crys-
tals located close to the specimen. Radiation was supplied
by a 25 mW Ar ion laser, and the fluorescence shift was
determined with a spectrograph equipped with an array
detector, controlled by a personal computer. Pressure
values were estimated with the proportionality constant,
2.74 GPa-nm™!, given by Piermarini et al. (2). Pressure
values were determined several times before and after the
diffractometer investigations, to ensure that any changes in
pressure which occurred during data collection could be
neglected.

X-ray studies. The synthetic products were examined by
Guinier X-ray powder techniques. The powder diffraction
patterns of the prepared HT specimen of Cs,KMnF4 show
that the major phase obtained was the cubic HT form.
However, pure HT specimens could not be obtained by the
synthetic procedures used. Conventional single-crystal
photographic techniques were utilized to find suitable crys-
tals of Cs,KMnF for the high-pressure experiments.

Single-crystal X-ray data were collected with a four-circle
diffractometer (Siemens P4/RA) using MoKoa-radiation
(2 =0.71073 A). X rays were produced with a rotating an-
ode X-ray generator operated at 5.0 kW with a filament size
of 0.3 x 3 mm, and a collimator with an inner diameter of
0.3 mm. Unit cell parameters at different hydrostatic pres-
sures (Table 1 and Fig. 1) were refined from 20 well-centered
and well-distributed reflections in the reciprocal space
(13° < 20 < 27°), at pressures up to about 50 kbar.

X-ray diffraction intensity data for the new HP phase
were collected at 44.4(6) kbar with methanol:ethanol:water
as the pressure medium. The data obtained were consistent
with the same tetragonal space group symmetry, I4/mmm, as
that of the low-temperature form of Cs,KMnF. Intensities
for 232 reflections with 20 < 80° were collected. These re-
flections were not completely absorbed by the DAC equip-
ment over a suitable range of the azimuthal angle y. The
intensities were measured at those Y values that gave a min-
imum in the absorption (shortest path lengths) by the dia-
monds and the beryllium plates of the DAC. The selection of
reflections and the choice of best {y values were performed
by a set of C-programs written by one of the authors (R.N.).
Least-squares refinements, with the structure of the LT
phase as the initial model, and using nine parameters (two
variable positional parameters) converged smoothly for 69
significantly observed unique reflections to an R value of
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TABLE 1
Cell Parameters for KCs,MnF, at Various Pressures
Volume
Pressure
(kbar) a (A) c(A) (A3) Width (°)
Cubic Start Phase, MeOH:EtOH:Water

Ambient 9.067(1) 745.4(2) 0.31(1)

2.0 9.060(2) 743.7(4) 0.41(1)

8.5 9.005(2) 730.2(4) 0.44(1)
21.1 8.907(3) 706.6(6) 0.45(1)
274 8.869(2) 697.6(5) 0.54(1)
331 8.825(5) 687.3(11) 0.54(1)
36.9 8.800(6) 681.4(15) 0.61(2)
41.6 8.730(5) 8.936(7) 681.0(10) 1.36(3)
45.5 8.708(5) 8.917(8) 676.2(10) 1.53(4)
51.3 8.696(6) 8.908(13)  673.6(12) 1.82(7)
37.2 8.741(6) 8.960(9) 684.6(11) 1.52(5)
29.0 8.788(4) 9.002(13)  695.2(10) 1.51(3)
249 8.816(5) 9.010(14)  700.3(11) 1.43(3)
18.4 8.874(4) 9.058(8) 713.3(7) 1.33(3)
11.5 8.921(4) 9.11509) 725.4(8) 1.25(3)

Cubic Start Phase, Argon

1.9 9.055(6) 742.4(8) 0.30(3)

5.5 9.021(8) 734.1(11) 0.29(3)
17.0 8.948(1) 716.4(3) 0.31(2)
24.1 8.905(2) 706.2(4) 0.28(2)
333 8.769(3) 9.000(3) 692.1(6) 0.42(2)
41.8 8.716(1) 8.966(1) 681.1(2) 0.33(2)
47.6 8.678(3) 8.940(2) 673.3(5) 0.40(2)
384 8.732(2) 8.987(2) 685.2(4) 0.38(2)
353 8.752(3) 8.993(3) 688.8(5) 0.37(2)
12.9% 8.976(2) 723.2(4) 0.41(2)
28.7* 8.863(2) 696.2(4) 0.54(3)
39.0* 8.780(4) 676.8(8) 1.35(7)
45.1%* 8.752(7) 670.4(9) 1.69(10)
50.6* 8.713(13) 661.5(17) 1.76(13)

Tetragonal Start Phase, Pentane: Isopentane

Ambient 8.936(2) 9.257(2) 739.2(3) 0.39(2)
14.2 8.851(1) 9.137(4) 715.8(3) 0.55(1)
20.9 8.822(5) 9.088(6) 707.3(7)
27.0 8.780(5) 9.055(7) 698.0(8)
27.8 8.774(5) 9.052(6) 696.8(7)
36.4 8.726(6) 9.021(7) 686.9(9)
38.5 8.703(4) 9.021(5) 683.3(6)
444 8.675(4) 8.986(5) 676.2(6)
50.0 8.660(4) 8.951(8) 671.3(7)

Note. The esds of the pressures are about 0.6 kbar; the other esds are
given within parentheses. The last column contains the average value of the
estimated full w width of the reflections used for cell determination. For
each set of data the initial phase type and the pressure medium used are
given. Measurements indicated with asterisks were performed on a crystal
that had already once been subject to a phase transition. To facilitate the
comparison between the cubic and tetragonal phases, cell parameters of
a nonconventional F-centered tetragonal cell are given.

0.072 (wR = 0.086). To keep the number of refined para-
meters down, anisotropic thermal displacement parameters
were allowed only for the Cs, while the K, Mn, and F atoms
were treated as isotropically vibrating.
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(a) Unit cell parameters vs pressure and (b) unit cell volumes vs pressure. Measurements on the cubic high-temperature phase are denoted

with squares for the results with argon as the pressure medium and with circles for those obtained with methanol:ethanol:water (16:3:1). Filled circles in the
latter case denote decreasing pressure. Fitted curves are given as dashed lines and solid lines, respectively. For clarity, the results on the tetragonal
low-temperature phase are only represented by fitted dot—-dashed curves.

All structure refinements were made using the SHELXTL
PC software package (3), with neutral atomic scattering
factors from the International Tables of Crystallography (4).
Geometric calculations were performed with the program

TABLE 2
Experimental Details for the Structure Determinations at
44 kbar of Cs,KMnF,

Formula Cs,KMnFg

Space group symmetry 14/mmm

Formula units per unit cell, Z 2

Unit cell dimensions (A), T =293 K a = 6.126(2), ¢ = 8.981(3)
Unit cell volume, V (A3) 337.0(2)

Pressure 44.4(6) kbar
Intensity data collection ®-20 scan
Maximum sin(6)/A (A=) 1.3
Collected reflections 232
Unique reflections 82
Observed reflections (|F| > 30y) 69
Absorption correction Empirical
Structure refinement Full-matrix, on ) w(AF)?
Anisotropic displacement param  Cs
Number of refined parameters 9
Weighting scheme (6 4+ 0.001F*)~!
R for observed reflections 0.072
wR for observed reflections 0.086
Max. of |A|/a < 0.001
Note. Data collection was performed using MoKa radiation

(A=0.71073 A) at a temperature of 293 K. The esds are given within

parentheses.

PLATON (5), and the structure diagrams were made using
the program ATOMS (6). Further experimental details for
the X-ray data collections and structure refinements are
shown in Table 2, and the values of the structural para-
meters obtained are given in Table 3. Bond distances are
listed in Table 4.

DISCUSSION

Cs,KMnFg crystallizes with an elpasolite structure
(cf. Fig. 2), which can be considered (7) as a lower symmetry
variant of the cryolite structure adopted by, e.g., K;AlF.
The cryolite structure is closely related to the perovskite
type structure and has a three-dimensional ReOj;-like
framework of alternating corner-connected MnF4 and KF¢
octahedra. The 12-coordinated Cs atoms are located in the
cuboctahedral interstices formed by the octahedral net-

TABLE 3
Fractional Atomic Coordinates and Displacement Parameters
(A?) with esds for Cs,KMnF; at 44 kbar

Atom X y z Uyq Uszz Ueq

Cs 3 0 1 0.017(2) 0.028(2) 0.021(1)
Mn 0 0 0 — — 0.026(4)
K 0 0 1 — 0.015(5)
F1 0.210(3) 0.210(3) 0 — 0.019(6)
F2 0 0 0.218(2) — 0.022(9)

Note. Space group symmetry constraints on the displacement para-
meters imply that uy, = uy; and uy3 = uy3 = uy, =0.
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TABLE 4
Bond Distances with esds in Tetragonal Cs,KMnF¢ at Ambient
Pressure (Low-Temperature Phase”) and at 44 kbar

Atoms Multiplicity Ambient 44.4 kbar
Cs-F1 8 3.240(4) 3.139(13)
F2 4 3.172(4) 3.076(20)
Mn-F1 4 1.860(6) 1.819(18)
F2 2 2.036(9) 1.958(18)
K-F1 4 2.609(6) 2.512(18)
F2 2 2.597(9) 2.533(18)

“Data from Ref. (1).

work. The packing pattern of the larger ions (Cs, K, and F)
in two adjacent layers is shown in Fig. 2.

Cs,KMnF, contains the Mn®" ion, which, at the moder-
ate ligand field strength exerted by the F~ ions, has a high-
spin d* electron configuration. On removal of the degener-
acy inherent in this configuration, distortion of the ge-
ometry of the MnF 4 coordination octahedra will occur (the
stereochemical implication of the Jahn-Teller effect). The
dominating distortion is an axial elongation of an octahed-
ron, viz., a prolate distortion. A directional ordering of the
axial distortions would then lower the space group sym-
metry, from cubic Fm3m for an ideal elpasolite (K,NaAlF),

(a)

FIG. 2.
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to tetragonal I4/mmm for Cs,KMnF4 (low-temperature
form). The ratio of the lengths of the two longer axial Mn-F
bonds and the two shorter equatorial ones in the MnFj
octahedra at ambient conditions is 2.036:1.860 = 1.095 with
an esd of 0.006. The magnitude of the distortions is also
reflected by the unit cell parameter ratio c:a\/ 2 for the
tetragonal LT phase, which is 1.0359(3). As the magnitudes
of the distortions are limited, a disorder of the distortion
directions will occur in the high-temperature form of
Cs,KMnFg (1). As a consequence of the disorder (see also
Massa (8)) the symmetry becomes cubic (Fm3m) again, and
symmetry constraints ensure that all Mn-F distances be-
come virtually equal (1.931(5) A). In this case the Mn-F
distance represents a weighted average of the values for the
“true” Mn-F bonds.

Dynamic Jahn-Teller effects could also lead to a similar
situation being observed. Both these models should give
high values for the thermal displacement factors of the F~
ions. In our previous study under ambient conditions, the
displacement parameters of the fluorine atoms in the cubic
phase were about twice those observed for the tetragonal
phase (0.022 A? and 0.042 A2, respectively).

The ratio c:a\/ 2 remains constant (1.04) when the hydros-
tatic pressure is increased from ambient to 44 kbar. This
would suggest that the axial distortions of the MnFg4 oc-
tahedra are unaffected by pressure. The ratio between the

Packing pattern of the larger Cs*, K*, and F~ ions in Cs,KMnFg. (a) View along [0 1 0], with [1 0 0] horizontal and [0 0 1] vertical, and

(b) view along [00 1], with [1 0 0] horizontal and [0 1 0] vertical. For clarity the positions of the F1 fluorine atoms, drawn as smaller gray circles, are not

labeled. The origin is at the lower left corner.
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two longer axial Mn-F bond lengths and the four shorter
equatorial ones decreases from 1.095(6) at ambient pressure
to 1.076(13) at 44 kbar. However, in view of the esds of the
ratios the decrease is only significant to a confidence level
of 85%.

Studies of the HT form of Cs,KMnF, were carried out
with two different pressure transmitting media to see if the
observed phase transition was dependent on the medium
used. The two media chosen were methanol:ethanol:water in
the ratio 16:3:1 and liquid argon. The results obtained were
slightly different (Table 1 and Fig. 1). Thus, with the meth-
anolic pressure medium a nonreversible transition from the
cubic HT form to the tetragonal HP form was observed at
about 40 kbar. With liquid argon the transition occurred at
a 10 kbar lower pressure. It should also be noted that the
cell parameters observed for the HP forms became slightly
different. Those observed with liquid argon are closer to
those of the tetragonal LT form. More astonishing was that
with argon the transition was reversed from tetragonal back
to cubic when the pressure was lowered from 35.3 kbar to
12.9 kbar.

Various reasons can be proposed for this difference in
behavior, including the possibility that the small interac-
tions between the media and the crystal differ. The two
pressure media might also have slightly different nonisos-
tatic properties, and in this connection it should also be
noted that argon crystallizes already below 20 kbar. An-
other reason for this variation in behavior could be connec-
ted with the increase in mosaicity expected to occur when
the temperature of the DAC was lowered to the boiling
point of liquid nitrogen in order to fill the pressure chamber
of the DAC with liquid argon. However, the observed
widths (Aw & 0.3°) of the reflections (Table 1) before the
transition were significantly smaller in the argon experi-
ments than in the methanol experiments (Am ~x 0.45°),
which suggests that the crystal quality (or rather the transla-
tion symmetry) was more perfect for the crystal used in the
argon experiments. The reflection widths after the transition
were still significantly smaller in the argon experiments
(Aw ~0.3-0.4°) than in the methanol experiments
(Ao ~ 1.3-1.8°).

Some general comments on the relevance of crystal qual-
ity and other crystal characteristics for observing different
transition pressures have been made by Sowa et al. (9) in
connection with high-pressure studies of KPF4. The present
study is focussed on studies of the pressure-induced order-
ing of the Jahn-Teller distortions in the cubic high-temper-
ature form. Investigations into the existence of any low-
temperature transitions, that also might affect the crystal
characteristics, were accordingly considered to be outside
the scope of the present study. It is noteworthy that the
closely related compound Rb,KScFg, structurally investi-
gated by neutron powder techniques, shows three allotropic
forms (Faget et al. (10)). In addition to a cubic elpasolite
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form above 252 K and a tetragonal form in the region
between 223 and 252 K, a third monoclinic form is stable
below 223 K. This monoclinic form has a cryolite-type re-
lated structure. The Sc** ions with their d° configuration
have in general an effective spherical shape compared to the
general ellipsoidal shape (11) of the Mn*®* ions with d* con-
figuration. Thus, the presence of Mn** ions in the present
study of KCs,MnF¢, with their pronounced property to
stabilize a tetragonal distortion of MnF ¢ octahedra, leads to
a much larger thermal high-temperature stability range (up
to over 800 K) for the tetragonal form. What happens if the
stability range is extended also into the very low temper-
ature region is, as discussed above, outside the scope of this
paper.

As described above, with argon as pressure medium the
transition could also be reversed once by lowering the
pressure well below the transition point. When the crystal
had been subject to two transitions (argon medium), to the
HP form and back to the cubic form, by increasing the
pressure and then lowering it again, no transition back to
the HP form could be observed at pressures up to 50 kbar
(observations marked with asterisks in Table 1). This
“nonelastic” feature shows that the transition cannot be
regarded as strictly reversible. Above 50 kbar the reflection
intensities decreased rapidly and the widths (Aw) became so
large (several degrees) that reliable centering of the reflec-
tion positions was no longer possible. To conclude, the
observed characteristics of the transition might well depend
on the crystal quality. A better crystal quality could
lower the energy needed for the transition. However, the
possibility that the transition is affected by the different
features of the pressure transmitting media used cannot be
neglected.

The observed compressiblities of Cs,KMnFGg, as reflected
by the change in unit cell volumes (Fig. 1b), for the different
pressure media are well described by a Birch-Murnaghan
type of equation of state (EOS),

3
PIx] =5 Ko(x7° —x7%9),

where P is the pressure, x = V/V, the relative volume
change, and K, the isothermal bulk modulus at zero pres-
sure. With the EOS used it is implicit that the first pressure
derivative (K,) of the bulk modulus has a value of 4.00 in the
pressure interval. Nonlinear least-squares determination of
both the zero pressure bulk modulus K, and the unit cell
volume V, were performed. The observed data for the cubic
HT form were rather independent of the pressure medium
used. The obtained values from the “methanol data” were
Ko = 37.5(17) GPa and V, = 745.4(18) A3, and those from
the “argon data” 38.1(17) GPa and 745.9(5) A3, respectively.
The experimental cell volume (745.4(2) A%) at zero pressure
lies within two esds of the calculated ones. The tetragonal
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LT form is slightly less compressible (cf. Fig. 1b); the values
obtained were K, =42.3(6)GPa and V, = 739.1(7) A3.
Again, the calculated V|, value agrees well with that ob-
served, 739.2(3) A3,

Compounds containing Cs™* as the only cation are much
softer materials than Cs,KMnFy. The value of the bulk
modulus for Cs,CuCly is 15.0(2) GPa (Xu et al. (12)), and for
common Cs halides bulk moduli lie in the range 13 to
18 GPa (Hazen and Finger (13)). The rigid three-dimen-
sional ReO; type of octahedral network in Cs,KMnFg,
formed by alternating corner-sharing KF4 and MnFy octa-
hedra, offers an obvious explanation for the lower com-
pressibility. The compressibility of Cs,KMnFj is similar to
that observed for Nas;MnFg (K, = 47.8(6) GPa, Carlson
et al. (14)) with its related ReO; network of NaF¢ and MnF
octahedra.
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