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Crystalline Cs2KMnF6, when prepared below 5003C, adopts
a tetragonal elpasolite structure type. Di4erential scanning
calorimetric investigations indicated that Cs2KMnF6 undergoes
a phase transition from the low-temperature tetragonal phase
(LT) to a high-temperature phase (HT) at about 5303C. Single
crystals of the new HT phase could be obtained by annealing
a crystalline LT specimen at 6003C followed by rapid quenching
to room temperature. In the present study the structures of both
phases have been studied by single-crystal X-ray di4raction tech-
niques. The LT phase has the tetragonal space group symmetry
I4/mmm, with unit-cell parameters a 5 6.319(1) (a 'J2 5
8.936) and c 5 9.257(2) As , and Z 5 2. The HT phase has the
cubic symmetry Fm3m, with the cell parameter a 5 9.067 As and
Z 5 4. Structural models of the LT and HT phases have been
re5ned vs collected single-crystal X-ray re6ection data to
R values of 0.034 and 0.022, respectively. The uneven Mn+F bond
distance distribution in the LT form, four bonds of 1.860(6) two
of 2.034(9) As , are typical for an octahedrally coordinated high-
spin Mn31 ion a4ected by Jahn+Teller e4ects. Due to symmetry
constraints, all six octahedral Mn+F bonds in the HT form are
equal to 1.931(5) As . However, the mean square atomic displace-
ment parameters of the 6uorine atoms increases signi5cantly
from about 0.022 As 2 for the LT phase to 0.042 As 2 for the HT
phase. The increased displacement parameters indicate that the
phase transition from the LT to the HT form is associated with
a directional disorder of the Jahn+Teller distortions around the
Mn31 ions. ( 2000 Academic Press
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INTRODUCTION

The crystal structure of Cs
2
KMnF

6
has been previously

reported by Schneider and Hoppe (1) to have a tetragonal
elpasolite structure of the K

2
NaMnF

6
type (cf. Knox (2)),

with F4/mmm space group symmetry. This previous study,
which was based exclusively on X-ray powder di!raction
data from a polycrystalline specimen, gave the tetragonal
unit cell parameters a"8.933(5) and c"9.265(5) As .
respondence should be addressed.
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The elpasolite structure can be considered (cf. Fig. 1) as
a lower symmetry variant of the cryolite structure. Accord-
ingly, elpasolite is related to the perovskite-type structure,
and the general features of its structure are a three-dimen-
sional array of corner-connected (K,Mn)F

6
octahedra with

the Cs atoms in the cuboctahedral interstices formed be-
tween the (K,Mn)F

6
octahedra. The Goldschmidt &&toler-

ance factor,'' t"dA}F/J2dB}X, for perovskites (see, e.g.,
Hyde and Andersson (3)) becomes about 0.97 for A

2
BMF

6
with the ionic radii estimates given by Shannon (4). This
value is well within the region for expected cubic symmetry
(0.89}1.00). A cubic symmetry is also observed for ideal
elpasolites like K

2
NaAlF

6
. However Cs

2
KMnF

6
contain

Mn3` ions with d4 electron con"gurations. In #uorides and
oxides the Mn3` ions are generally in a high-spin state. This
will imply Jahn}Teller type of distortions on the MnF

6
coordination octahedra. As a consequence, an axial order-
ing of the distortions of the MnF

6
octahedra might lower

the space group symmetry, from cubic for an ideal elpasolite
like K

2
NaAlF

6
, to tetragonal for Cs

2
KMnF

6
. The magni-

tudes of the distortions are however limited and a disorder
of the distortion directions might be anticipated to occur, at
least at elevated temperatures. By such a disorder the ex-
pected symmetry can increase from tetragonal to cubic.

As anticipated (cf. discussion above), di!erential scanning
calorimetry performed within the present study indicated
that Cs

2
KMnF

6
undergoes a phase transition at about

5303C to a high-temperature phase (HT) later shown to be
cubic. From collected single-crystal X-ray di!raction data,
crystal structure models of both the low temperature (LT)
and the HT phases, have been re"ned. The studies of Mn3`

containing elpasolite structures is part of a research project
concerning structural studies at di!erent pressures/temper-
atures of transition metal #uorides, particularly those con-
taining Jahn}Teller distortions.

EXPERIMENTAL

Synthesis
The LT phase was synthesized by heating a stoichiomet-

ric mixture with the composition 2CsF#KF#MnF
3

at
0022-4596/00 $35.00
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elevated pressure. Dried CsF (Aldrich, no. 25.571-8), KF
(Merck, no. 1.04994), and MnF

3
(Aldrich, no. 33.929-6) were

mixed together in an agate mortar in a glove box "lled with
argon. The mixture was put into a gold ampule, which was
sealed and inserted into a stainless-steel container. The steel
container was "lled with water, heated up to 5203C at an
external pressure of 2.5 kbar, and kept under these condi-
tions for 5 h. The steel container with the sample was then
allowed to cool slowly (15}20 h) from 5203C to room tem-
perature.

The HT phase was obtained by rapidly quenching a pre-
viously synthesized LT specimen from a temperature well
above the observed transition point (+5303C). The LT
specimen was put into a platinum tube, which was sealed
and inserted into a quartz ampule. The quartz ampule was
then evacuated, sealed and heated to 6003C during 24 h, and
"nally quenched in cold water.

X-Ray Studies

The synthetic products were examined by Guinier X-ray
powder techniques. The powder di!raction pattern col-
lected for the LT phase was in agreement with that pre-
viously published (Schneider and Hoppe (1)) and could thus
be indexed with a nonconventional F-centered tetragonal
unit cell with the dimensions a"8.9294(4), c"9.2638(4) As
(<"738.64(6) As 3). For the corresponding conventional I-
centered tetragonal space group symmetry utilized through-
out the present study, the unit-cell dimensions are
a"a/J2"6.3140(3), c"9.2638(4) As (<"369.32(3) As 3).
The cell dimensions for the HT phase of a F-centered cubic
cell became a"9.0569(5) As (<"742.90(7) As 3).

Single-crystal photographic techniques (de Jong and pre-
cession techniques) were utilized to "nd suitable crystals for
the single-crystal di!raction studies. Crystal X-ray intensity
data were collected with a four-circle di!ractometer (Sie-
mens P4/RA) equipped with a high-speed scintillation de-
tector (Siemens FSD), using graphite monochromatized
MoKa radiation (j"0.71073 As ) from a rotating anode
generator (Siemens M18XHF). The generator was operated
at 5.0 kW (50 kV and 100 mA) for a "lament size of
0.3]3 mm. A beam collimator with an inner diameter of
0.3 mm was used. The collected X-ray di!raction data were
corrected for Lorenz and polarization e!ects. A numerical
absorption correction was performed, using the STADI4
software package (STOE 1997).

The X-ray di!raction intensity data collected for the LT
phase were consistent with the tetragonal space group sym-
metry I4/mmm. The unit-cell parameters a"6.319(1),
c"9.257(2) As (<"369.6(1) As 3) were determined by re"n-
ing them against the setting angles of 12 re#ections, well
centered and well distributed in the reciprocal space. These
cell parameters are in agreement with the unit-cell para-
meters a"8.933(5) (a/J2"6.317(3) As ) and c"9.265(5) As
previously reported by Schneider and Hoppe (1), when the
space group symmetry is alternatively described with the
nonconventional space group symmetry F4/mmm. The re-
"nements (cf. Table 1) of a structure model, checked
by an interpretation of the Patterson function, using 11
parameters converged smoothly for 121 observed
unique re#ections to an R value of 0.034 (wR"0.035).
Anisotropic thermal displacement parameters were allowed
for the Cs, Mn, and K atoms, while the F atoms were kept
isotropic in the "nal re"nements. When allowing anisot-
ropic displacement parameters also for the F atoms, the
values obtained did not deviate signi"cantly from an
isotropic model.

The intensity data collected for the HT phase indicated
a cubic Fm3m space group symmetry. Re"ning the cell
parameters against 12 well-centered re#ections gave
a"9.067(1) As (<"745.4(2) As 3). Compared to the LT
phase, the volume increase for the HT phase is 2.0%. The
re"nements (cf. Table 1) of a structure model using 7 para-
meters versus 98 uniquely observed re#ections converged to
an R value of 0.022 (wR"0.028). The constraints, imposed
by the cubic symmetry of the structure, allows only anisot-
ropic displacement parameters for the F atoms. Re"nements
of models, where the occupation factors of the two alkali
metal positions were varied, gave occupation factors not
signi"cantly di!erent from 1.00.

All structure re"nements were made using the SHELXTL
PC software package (5), using neutral atomic scattering
factors from &&International Tables of Crystallography'' (6).
Geometric calculations were performed with the program
PLATON (7) and the structure diagrams were made using
the program ATOMS (8). Further experimental details for
the X-ray data collections and structure re"nements are
shown in Table 1, and the obtained structural parameter
values are given in Table 2.

DSC Studies

Di!erential scanning calorimetry (DSC) measurements,
using a di!erential scanning calorimeter (Perkin}
Elmer DSC-2C), were performed on the LT phase of
Cs

2
KMnF

6
under argon atmosphere. In the temperature

range from 420 to 6203C a small exothermic peak was
observed at about 5303C when increasing the temperature
(103C/min), and a small endothermic dip at 5253C
when decreasing the temperature. The di!erent transition
temperatures observed are probably due to a hysteresis
e!ect, as is common for, e.g., "rst-order transitions.
A Guinier powder di!raction pattern for the specimen after
the DSC experiment indicates that the major phase was the
LT phase, but traces of the HT phase were still observable.
Thus, according to the DSC experiments the transition is
not complete or the quenching procedure is not entirely
e!ective.



TABLE 1
Experimental Details (esds in Parentheses) for the Structure Determinations of Low-Temperature (LT) and

High-Temperature (HT) Phases of Cs2KMnF6

LT-Cs
2
KMnF

6
HT-Cs

2
KMnF

6

Space group symmetry I4/mmm Fm3m
Formula units per unit cell, Z 2 4
Unit cell dimensions (As ), ¹"293 K a"6.3190(10), c"9.257(2) a"9.0670(10)
Unit cell volume, <(As 3) 369.63(11) 745.40(14)
Calculated density, d

X
(g ) cm~3) 4.258 4.222

Intensity data collection: u}2h scan
Maximum sin(h)/j(As ~1) 0.73 0.98
Collected re#ections 568 827
Unique re#ections 178 189
Observed re#ections ( DF D53)p

F
) 121 98

Absorption correction Numerical integration
Crystal size (lm3) 60]90]120 150]200]220
Linear absorption coe$cient (mm~1) 12.09 11.99
Transmission factor range 0.41}0.52 0.18}0.26

Structure re"nement: Full-matrix, on +u ) (*F)2
Anisotropic displacement parameter Cs, Mn, and K F
Number of re"ned parameters 11 7
Weighting scheme (p2

F
#0.001 )F2)~1 (p2

F
#0.0005 )F2)~1

R for observed re#ections 0.034 0.022
wR for observed re#ections 0.035 0.028
wR for all unique re#ections 0.062 0.052
Max. of D*D/p (0.001 (0.001
Max. and min. of *o (e~ As ~3) 2.3 and !1.5 0.8 and !1.4
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DISCUSSION

As discussed above the elpasolite type structure (cf. Fig. 1)
of Cs

2
KMnF

6
is formed by an array of alternating corner

connected MnF
6

and KF
6

octahedra with 12-coordinated
Cs atoms in the cuboctahedral interstices. As discussed
above, an ordering of the distortions of the MnF

6
octahedra
TABLE 2
Fractional Atomic Coordinates and Displacement Para-

meters with Estimated Standard Deviations (esds) for the Low-
Temperature (LT) and High-Temperature (HT) Phases of
Cs2KMnF6

Phase Atom x y z u
11

u
33

;
%2

¸¹ Cs 1/2 0 1/4 0.0171(5) 0.0191(6) 0.0178(3)
Mn 0 0 0 0.0039(13) 0.0074(19) 0.0051(9)

K 0 0 1/2 0.018(2) 0.016(3) 0.0173(14)
F1 0.2081(10) 0.2081(10) 0 * * 0.023(2)
F2 0 0 0.2197(10) * * 0.022(3)

H¹ Cs 1/4 1/4 1/4 * * 0.0283(14)
Mn 0 0 0 * * 0.0125(2)

K 1/2 1/2 1/2 * * 0.0251(5)
F 0 0 0.2130(6) 0.0474(20) 0.031(3) 0.0417(14)

Note. Space group symmetry constraints on the displacement parameters imply
that u

22
"u

11
and u

23
"u

13
"u

12
"0 in both phases. Furthermore, u

11
"u

22
"

u
33

for the metal atoms in the H¹ phases
in the LT phase would lower the space group symmetry
from cubic, for ideal elpasolites, to tetragonal for
Cs

2
KMnF

6
. The magnitude of the distortions, as re#ected

by the unit-cell parameter ratio aJ2:c for the tetragonal LT
phase, is 0.965. As discussed further below, a disorder of the
distortion directions is apparently responsible for occur-
rence of the cubic symmetry of the HT phase, which seems
likely due to their limited magnitudes. The prolate distor-
tions of the MnF

6
octahedra in the LT phase, are typical for

a d4 ion (Jahn}Teller e!ects); two longer Mn}F bonding
distances of 2.036(9) As and four shorter distances of
1.860(6) As . In the HT phase, all Mn}F distances become
equal, 1.931(5) As , by constraints due to the cubic space
group symmetry. As has been shown (Norrestam (9)), the
root harmonic mean square (1/6 )+ 1/r2

1
)1@2 estimate (rhms)

of the radius of Mn3` is constant and independent of the
distortions contrary to average or root mean square esti-
mates. From the standard value of 1.33 As for the radius of
the F~ ion and the bond lengths in the LT and HT phases,
the rhms values for the Mn3` ion become 0.58 and 0.60 As ,
respectively, in good agreement with the average value
0.59(1) As obtained by Norrestam (9).

The Mn3` ions in the HT phase would give Jahn}Teller
distortions of the coordination octahedra similar to those in
the LT phase (see Fig. 2). The lack of observable Jahn}Teller
distortions in the HT phase could be a static disorder of the
axial distortions directions in the MnF

6
octahedra (see also



FIG. 1. Polyhedral representation of the cubic high-temperature (HT)
phase of Cs

2
KMnF

6
as viewed approximately along [1 0 0]. The origin is

at the lower left corner, with [0 1 0] horizontal and [0 0 1] vertical. The
MnF

6
and KF

6
polyhedra are represented by dark and light octahedra,

respectively. For clarity, no coordination polyhedra are drawn around the
Cs positions, which are shown as spheres.

TABLE 3
Bond Distances with esds in the Low-Temperature (LT) and

High-Temperature (HT) Phases of Cs2KMnF6

Phase Atoms Multiplicity Distance (As )

LT Cs}F1 8 3.238(4)
F2 4 3.172(1)

Mn}F1 4 1.860(6)
F2 2 2.034(9)

K}F1 4 2.609(6)
F2 2 2.595(9)

HT Cs}F 12 3.223(1)
Mn}F 6 1.931(5)
K}F 6 2.602(5)
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Massa (10)). In such a case, the bond distances around
Mn3` will become a weighted average value between the
two long and the four short Mn}F bonds. It could also be
FIG. 2. The octahedral coordination around the Mn3` ions. The
atoms are represented by their 97% probability ellipsoids estimated from
the re"ned thermal displacement parameters. The smaller isotropic dis-
placements (left) in the LT phase and the higher anistropic displacements
(right) in the HT phase are consistent with a static and/or dynamic disorder
in the HT phase.
due to a dynamic Jahn}Teller e!ect. Both of these alterna-
tive explanations should i.a. lead to high values of the
thermal displacement factors of the F~ atoms in the HT
phase. The displacement parameters of the #uorine atoms in
the HT phase are also approximately twice as large as those
in the LT phase (0.022 and 0.042 As 2, respectively). This fact
supports the explanations given above for the lack of ob-
servable distortions in the HT phase.

As seen in Table 3, the bond distances of the octahedrally
coordinated potassium atom in the LT phase are
2]2.597(9) and 4]2.609(6) As for K}F1 and K}F2, respec-
tively. In the cubic HT phase the six K}F distances are all
2.602(5) As . In the LT phase, the bonding distances to the
12-coordinated Cs atoms are 8]3.240(4) and 4]3.172(1) As
for Cs}F1 and Cs}F2, respectively. For the HT phase the
Cs}F distances are 12]3.223(1) As .

Bond valence sums (bvs), using parameters from Brown
and Altermatt (11) and Brese and O'Kee!e (12), for the
LT and HT phases have been calculated and are shown in
Table 4. The estimated bvs values for the LT and HT phases
show a signi"cant decrease for the manganese atom, from
TABLE 4
Estimated Bond Valence Sums (bvs) for the Low-Temperature

(LT) and High-Temperature (HT) Phases of Cs2KMnF6

Phase Atom bvs

LT Cs 1.10
Mn 3.06
K 1.14
F1 1.11
F2 0.97

HT Cs 1.07
Mn 2.88
K 1.15
F 1.03

Note. The bvs values were calculated as the sum of contributions (11, 12)
for distances out to 3.6 As .
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3.06 to 2.88, respectively. For the caesium, potassium, and
#uorine atoms the change in bvs values between the two
phases are not signi"cant.
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