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Jahn-Teller ordering in Kagomé-type layers of compounds
A,A'Mn}"F,, (A=Rb, Cs; A’ =Li, Na, K)'
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Fachbereich Chemie und Wiss Zentrum fiir Materiniwissenschaften der Philipps-Universitdl. D-35032 Marburg. Germany

Abstract

For a series of new Mn(I1I) fluorides the crystal structures have been determined by X-ray diffraction on single crystals:
Cs,LiMn.F .. space group R3, Z = 3 (merchedral twin). a = 7.440(1). ¢ = 17.267(3) A. R=195%: three isostructural trictinic
phases, space group P1. Z =2. Cs,NaMn.F .. a=7305(1). b =7512(1), ¢ = 10376(2) A. « =89.89(3)°. 8=87.32(3)". y=
89.89(3)°. R =2.75%: Rb,NaMn.F,,. a=7.115(1). & = 7482(1}. c=10.160{2} A, a =89.92(3). B = 86.52(3)°, v=89.51(3)°,
R=270%: Rb,LiMn,F,,. a=6.883(1). b =7.481(1). c = 10.194(2) A, a =89.42(3)", B =BLI6(3¥. y=9025(3)°. R =487%:
monexclinic Cs,KMn,F,,. space group C2/c. Z =4, a = 13.112(3). b = 7.571(2). ¢ = i2.672(3) A. B =10879(3)". R =53%. All
structures derive from the Cs,NaAl,F,, parent structure and consist of [Mn,F ;] layers of corner-sharing octahedra of the
Kagomé-net-type (3+6 octahedra units like in 1he hexagonal tungsten bronze layers). The [MnF,] octahedra are strongly
elongated by the Jahn-Teller effect with ratios of long to short axes of about 1.15. In all structures the long axes are oriented
within the layers in an aliernating wind-wheel-like pattern corresponding to an antiferrodistortive Jahn—Teller ordering. Thus,
all Mn—F-Mn bridges are asymmetric: the bridge angles are between 136° and 141°. Magnetic investigations of Cs,NaMn,F,,
and Cs,KMn,F,, indicate similar antiferromagnetic exchange interactions (J/k = — 2.5K), but only for the Cs,K compound
has 2D and 3D ordering been found at low temperatures. The results are discussed in context with the Jahn-Teller ordering and

the ‘frustrated’ exchange situation in the Kagomé net.
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1, Introduction

Octahedral complexes of transition metal ions in a
d* (high spin), d’ (low spin) or d” configuration usually
show anomalous structural properties because of the
unequal occupation of ¢, orbitals {e_; or e‘;) giving rise
to anisotropic o-antibonding properties. In a crystal,
the vibronic coupling between the electronic system
and the lattice modes results in an ordering pattern of
valence clectrons (here ¢, electrons) conrected with a
regular distortion pattern of the structure {‘Jahn-Tel-
ler ordering’). This is the special case of a strong
Jahn-Teller effect for systems deduced from an E_
ground term [1-3].

In the past few years we have investigated a series
of fluorine compounds of Mn{III) (d* high spin) which
proved to be very suitable model systems for studies of
the interdependence of structural type and Jahn-Tel-

*Corresponding author.
'Dedicaied to Professor Dr. Kurt Debnicke on the oceasion of his
65th birthday.

ler ordering. In addition, their pronounced tendency 10
build 1D or 2D structures allows for investigations of
the magnetic exchange propertics that are strongly
influenced by the electronic ordering. One main topic
concerned compounds with linear chain [MnF -
anions (e.g. Refs. [4,5]), a second one AMnF, com-
pounds (A =alkali metal) with quadratic [MnF,]”
layers (e.g. Refs. [6,7]). Here we report on a new class
of Jahn-Teller distorted structures with [MnF,]™
layers deriving from the Kagomé-net-type in the
compounds A,A'Mn,F,, (A A’ = alkali metal).

2. Experimeatal

Brown-red powder samples and small crystals of
compounds A,A'Mn,F|, with combinations A,A’ =
Cs,Li, Cs;Na, Cs,K and Rb,Li, Rb,Na could be
prepared by heating mixtures of the binary fluorides at
820°C or 720°C {Cs,K, Rb,Na) in sealed platinum
tubes. MnF, was claimed from NH MnF, by fluorina-
tion with F, at 470 °C. CsF and RbF were prepared by
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thermal decomposition of the bifluorides CsHF, (at
500°C) and RbHF, (at 600°C) formed from the
carbonates {Merck, p.a.) which were dissolved in 40%
HF. For the other alkali fluorides commercial products
{Merck, p.a.) were used. The purity of the sumples was
examined by analyses of the fluorine contents and by
X-ray powder diffractometry.

The single crystal X-ray investigations were per-
formed on Buerger precession cameras (Enraf—
Nonius, Mo Ka radiation) and a four-circle diffrac-
tometer (CAD4, Enraf-Nonius, Mo Ka radiation,
graphite monochromator). The lattice constants were
determined from the diffraction angles of 25 high-
angle reflections measured in the positive and negative
24 range. For data collections w-scz . were used. An
LP correction and an empirical absorption correction
based on ¥-scans were applied. The structures have
been solved by Patlerson techniques or refined starting
from analogous structure models. Scattering factors
for neutral atoms and contributions of anomalous
dispersion have been taken from Ref. [8]. The calcula-
tions have been done in the SHELXTL-PLUS system [9],
the structures were refined by full matrix least squares
methods using the F° data [10}. Mare details are given
in the tabies of the following section.

3. Crystal structures

A compound A,A’M}"'F,, was first described and
its structure delcrmined by Courbion et al
(Cs,NaALF,, [11.12]). The structure is rhombohcdral,

space group R3m and may be interpreted as an order
variant of the pyrochlore-related RbNiCrF, type [13].
Ordered substitution of 1/4 of the octahedral sites by
a smaller alkali metal ion (here Na) changes the 3D
pyrochlore network 1o a Kagomé-type layer structure
(for a further discussion of structural relationships of
the weberites and fluorite see Ref. [i4]). Later, other
compounds A,A'M"'F,, were prepared with M'"' =
Ti, V, Cr, Fe, Co, Sc, Ga and other combinations of
alkali metals [15-17]. However, recently, another two
single crystal structure detcrminations were reported
showing monoclinic variants for K,NaALF,, and
Rb,NaAl,F,, [17].

For all our Mn(lllI) compounds crystals could be
grown but, similar to the latter Al compounds, the
structure determinations were rather difficult due to
twinning or pseudo-symmetry problems. Three differ-
ent structure variants were encountered which are
discussed below. The experimental data are collected
in Table 1.

3.1 Structure of twinned Cs.LiMnF,,

Far the Cs,Li compound a rhombohedral unit cell
was found (Table 1) similar to that of Cs,NaAl,F,,
[12]. The Lave group seemed to be 3m (R, = 0.044)
and an analegous structure model in the space group
R3m could be vefined successfully. A very small
resulting temperature factor for the Li atom suggested
a possible partial disorder with Mn on the octahedral
positions. Indeed, a spiit atom model containing 6.5%
Mn at the Li site, and vice versa, led to rather good
results with a residual of wR, =7.3% (for all reflec-

Table 1
Experimental data fur the crystal siructure determinations of A,A’Mn F|. componnds
Formula Cs,LiMn.F,, Cs,Nabn F , Rb_ NaMn,F, Rh,LiMn,F,, Cs,KMn,F,,
Formula weight 665.58 681 .63 58675 570.70 697.74
Crystal size {mm'} 12 X007 0.02 0.15x0.12%0.05 0363025 %000 G.10%X0.07 %067 01510805
Absorption coeff, g (cm ') 100.2 97.6 1259 129.3 96.4

W-scan cort.. T, .. 0.99, 0.57 0.77. 066 0.96. 0.57 0.99, 0.66 0.88. 0.54
Space group R}, Z=3 PLLZ=2 Pl.Z=2 Pl.Z=2 C2le.Z=4
Latlice constants (Mo Ka)

atd) T440(1) 7.305(1) 7418(1) 6.883(1) 13.112(3)

b tA) 7.512(1) 7.482(1) 7.4B1(1) 7571(2)

o (&) 17.267(3) 10.376(2) 10.1602) 10.194(2) 12.672(3)

o {deg) £9.89(3) 89.92(3) 80.42(3)

A (dep) B7.32(3) 84.52(3) BY.16(3) 108.79(3)

¥ (deg) B9.89(3) 89.54(3) M25(3)

Density & {gcm ') 4,006 3.980 3.61a 3.615 380
Measuring range ¢ (deg) 328 h.xk.x!} 2-28, hork,x1 2-27, *h -k} -1 th-kx| 3-25, *hk,xl
Reflections

total, 2853 2173 2360 2307 2053

unique, >2a(]) 446, 400 2002, 1557 2187, 1855 2139, 1132 1031, 859
Parameters 32 170 170 17 87

Residuals sz e R* 00443, 0.0195 00502, 0.0275 00732, 0.0270 0.1068, 0.0487 0.1321, D.D530
Bperymin €A 103, -0.39 0.81, —055 0.54, -0.59 1.17, —0.998 3.7, -1.51

* For all reflections: * for the observed reflections (>2a{/)).
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tions), corresponding to a conventional R =2.3% for
the observed reflections only (F, > 40(F)).

‘The resulting structural feature has two anomalies:
the anisotropic displacement ellipsoid of the bridging
F2 atom is somewhat large in the bond direction, and
the coordination geometry at the Jahn-Teller ion
Mn(IH} is that of a compressed octahedron (2xMn-
F1=1804(1) A, 4xXMn-F2 = 1.992(1) A). This is very
unusuwal, as all hitherto known structures with
[MnF >~ units show strongly elongated octahedra.
Thus, it seemed probable that the mirror plane of
space group R3m providing symmetric bridges Mn—
F2-Mn and iour equal equatorial distances is really
absent, The real space group is then the maximal
subgroup R3 and the high Laue group 3m may be
pretended by merohedral reflection twinning with the
missing mirror plane (120) as twin element. A corre-
sponding iwin model of a structure with asymmetric
bridges refined very well (program sHeLx1-93 [10])
resulting in a twin ratio of 0.48(1). nearly 1:1. and still
somewhat better residuals of wR,=4.41% and R=
1.95%. There is no doubt that this model gives the
correct description of the structure, especially as
analogous geometries have been found later on at
un-twinned crystals of all other A,A'Mn,F, com-
pounds. The resulting atomic parameters are given in
Table 2.

Fig. | shows that now, in contrast to the previous
feature. the [MnF,} octahedra are elongated. Their
geomelry resembles that in the AMnF, layer struc-
tures [6]. The bond lengths and angles are given in
Table 3. The topology of the Kagomé net allows —
like the quadratic net — an order of elongated
octahedra so that always long axes alternate with short
axes. This Jahn-Teller ordering pattern. resembling a
wind-wheel when we look at a hexagonal mesh,
corresponds to the antiferrodistortive ordering en-
countered in the AMDF, compounds (Fig. 2). It is this
ordesing type that is found in Cs,LiMn,F,, (Fig. 1).

Recently, a similar structure with a Jahn-Teller ion
has been found in Cs,Cu,M'"VF , (M"Y = Zr, HI) [18].
It contains layers of the Kagomé-net-type formed by
[Cu"™F,] octahedra. In contrast to our structures, these
layers are connected by the M'" ions instead of by the

Table 2
Atomic fractional coordinates and equivalent isotropic temperature
factors (A”) for Cs,LiMn.F,

Atom x y z Uey

Cs 00 0.0 0.12859(2) 0.03321(15)
Mn* 0.5 0.0 0.0 0.M13(2)
Fl 0.4561(11)  0.5261(11)  C.10126(11}  0.0278(6)
F2 0.4103(4} 0.1850(7) 0.024D8(15) 0.0246(7)
Li" 00 00 03 0.018(3)

U, is one-third of the trace of the orthogoialized U, tensor.
* Okcupied by 2.17% Li: ® occupied by 6.5% Mn.

Fig. 1. Section of the [MnF,]" layer in Cs,LiMn.F,, fined 2s a
1win in space group 3. The elongated octahedral axes are drawn
black. Thermal cllipsoids al the 50% probability level.

alkali metal ioms. Thus, the structure is really 3D
connected and the Jahn—Teller distortion is perpen-
dicular 1o the Kagome¢ layer. because now the Cu-F-
M"Y bridging provides the weakest Cu-F bond. In the
A,A'Mn,F,, compounds, the bridging bonds Mn-F-
Mn within the Kagomé !ayers are the weakest. These
examples again confirm the observation that in a
certain structure type the Jahn-Teller distonion (nor-
mally an elongation) always occurs along the weakest
bond axis. In the case of ambiguities, like in the
quadratic AMnF, or Kagomé-type A,A’'Mn,F,, layer
structures where two weak bond axes are present in
the layers. an antiferrodistortive ordering is favoured
providing asymmetric bridges.

The bridge angles Mn-F-Mn in Cs,LiMn,F,, are
137.9(1)°, a typical value for a pyrochlore-like net-
work. In fact, the Li atoms connecting the 2D [MnF,]
layers to form the ordered 3D pyrochiore network are
in a nearly undistorted octahedral coordination (Li-F
2.039(2) A, F-Li-F 87.7/92.3°) which is similar in size
to the [MnF, ] octahedra. It is thercfore not surprising
that a partial mutual substitution (here 6.5%) of the

Table 3
Selected interatomic distances (A) and angles (deg) in Cs,LiMnF,,
Mn-F1 2% 1.807(4) Li-F 6x2.039(2}
Mn-F2 2x1.852(4) Cs-F2 3X3.533(3)
Ma-F2' 2x21334) Cs-F1 3X3.TH{8)
Cs-F1* 3%3.736(3)
Cs-F1” 3%3.843(8)
F1-Mn-F2 88.3(2) Mn-FZ-Mn' 137.9(1)
Fl'-Ma-F2 87.42)
Fl-Mn-F2' 91.2(2) FI-Li-F1' 3x87.718)
Ft'-Mn-F2' 92.6(2) F1-Li-F1" IXI2IN8)
F2-Mn-F2' 87.9(1) FI'-Li-F1” 3x%130
F2'-Mn-F2 920{1)
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Fig. 2. Scheme of antiferrodistortive ordering of elengated octahedra in the quadratic layer structures of AMnF, compounds (left) and the

corresponding ordering in the A,A'Mn,F,, compounds (right).

octahedral Li and Mn sites is observed. Attempts to
prepate completely ordered samples for magnetic
investigations failed. The Li-F distance agrees well
with the sum of the Shannon {19} ionic radii {2.045 A).

The coordination of the Cs atoms is 6+ 12, as in the
pyrachlore parent structure. It may be described as a
trigonally distorted octahedron where each of the 12
edges is capped by an additional fluorine atom (Fig.
3).

The Cs atoms are silualed above and below the

Fig. 3. Coordination of cacsium between two layers.

large six-membered octahedral meshes of the Kagomé
net. The stacking of layers is ABCABC according to
the rhombohedral space group. Thus, from the neigh-
bouring layers the triangular groups are further
coordinated to the Cs atums.

In the AMnF, compouads the bridging angles Mn—
F-Mn could be tuned by variation of the A counter
cation leading to dramatic changes of magnetic prop-
erties from ferro- to antiferromagnetism [6.7]. We were
thus interested (o see whether a similar behaviour
occurs at the Kagomé net layer structures. Therefore,
the influence of variation of the A,A' counter cations
has been invest :ated too,

3.2, Triclinic structures of Cs,NaMn,F,,,
Rb,NaMn ,F,, and Rb,LiMn F,,

Single crystal investigzations on these three com-
pounds claimed triclinic lattices with primary mono-
clinic and secondary rhombohedral pseudosymmetry.
The crystal data are compiled in Table 1. The triclinic
lattice constants are related to the rhombohedral cell
(hexagonal setting) of Cs,LiMn,F,, by

a,~ —2{3a, = b,13—¢,13;b,~b,:
¢~ —4/3a, —2i3b, +c,/3

They correspond to the monoclinic cells found for
the Al compounds Rb,NaAlF,, and K,NaAlLF,,
[17]. For Cs,NaMn,F,, we have found that the solu-
tion and refinement of the structure is well possible
(R =0.046) in the pseudo space group P2,/m, the
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same as given for the Al compounds. However, the
resulting coordination geometry of the Mn(IlI) cen-
tres is again that of compressed octahedra with
symmetrical Mn—F-Mn bridges. This unusual Jahn-
Teller distortion accompanied by anomalous thermal
ellipsoids at the bridging fluoiine ligands and. especial-
ly, the weak but significant breaking of the monoclinic
Laue symmetry (R, (monocl)= (112, R, (tricl)=
0.024) gave rise to the selection of the triclinic space
group P1. Now the refinement of a structural model
with asymmetrical bridges converged very well at R =
0.028 (wR, = 0.050).

Very similar triclinic structures have also been found
for Rb,NaMn,F,, and Rb,LiMn,F , Like in the
Cs,Li compound, in Rb,LiMn,F,, the octahedral
positions show a small disorder effect: 4% of the Li
sites are occupied by Mn and vice versa. The atomic
parameters are summarized for all three isostructural
compounds in Table 4 the geometrical data arc in
Table 5.

In spite of the larger asymmetric unit which now
contains five independent Mn atoms, the structures
show the same features in principle as the afore-
mentioned rhombohedral type. As an examnle, the
layer of Cs,NaMn,F,, is drawn in Fig. 4. In all cases,
the same Jahn-Teller ordering of clongated [MnF,)
octahedra is observed as in Cs,LiMn,F,,. The geome-
try is surprisingly similar, as will be discussed later in
summarizing for all structures.

The main differences are in the surroundings of the
alkali metal ions. The Cs ions in Cs,NaMn,F,, as well
as the Rb ions in the remaining two triclinic structures
have a rather distorted C.M. 12 only, instead of 18 in
the Cs,Li analogue. The Li ion in Rb,LiMa,F,; is
now in a distorted 6+ 1 coordination simitar to the Na
ions in the Cs,Na compound, whereas a clear CN. 7 is
achieved in Rb,NaMn,F,,. One of the Li-F distances
is a surprisingly short 1.89 A, in the region of values
for tetrahedrally coordinated Li* like in the garnet
Li,Na,Fe,F,. (LB50A [20]) or in Li,VF, (1.840-
1.909 A {21]). However, the remaining Li-F distances
are rather large (Table 5) so that the average for the
first six bond lengths is 2.29 A, which is much larger
than expected for six-coordinated Li.

3.3. Monoclinic structure of Cs,KMn F,,

For the Cs,K compound a monoclinic C-centred
vinit cell has been found with the following relations of
the lattice constants (m) to that of the rhombohedral
parent structure in the hexagonal setting (h):

a,~ ~2a, - by b, ~ by . ~2!3a, +1/3b, —2i3c,

The structure was solved in the space group C2Z/e
(for crystal data and experimental conditions see

Table 4

Atomic ional i and equival ¥ h
faclors (A°) for the triclinic structures of Cs,NaMnF,.
Rb,NaMn,F, and Rb,LiMn,F,,. Correspoading parameters of
analogous aloms in each of the three siructures are given in that
sequence

Atom « y H Uq
Csl U.00B60(6)  0.75115(6)  OSSINN4)  C.02860(14)
Rbl  -0.02145(7) 0.7373(NH D.836141{5) 0.0269(2)
—0.0125(2) 0.7458(2) 0.36976(12) 002T44)
Cs2 0.48947(6)  ©24360(6)  036430(4)  0.02284(13)
Rb2 0.43896(7) 0.25291(7) 038005(5)  0.0291(2)
0.4976(2) 02521) 0.38745(13)  0.0351(4)
Mnl 0.5 0.5 00 0.0099%(3)
0.5 s 09 0.0106(2)
05 05 00 G0120(6)
Mn2 0.5 (1] 00 0.0102(3)
05 00 00 0.0108(2)
0.5 00 on 0016}
Mn3 0.0 00 05 0.0096(3)
.0 00 05 D0105{2)
00 0.0 05 0.0129{6)
Mnd 0.0 05 0.5 G:0107(3)
00 05 05 0.010%(2)
0.0 05 0.5 .0129(6)
Mn5 0.29115(12)  02491%11)  O.72TIS(8)  0019%(2)
6.18%43(9) 0.25233(9; 0.78294(6) 0.0116(2)
0.1999(2) 0.2524(2) 0.7760(2)  0.0134{4)
Na 0.2164(3) 0.743K3) 02516(2) 0.0188(5)
0.2900(3) 6.76343) 0.2545(2)  0.0194(4)
L 0.2901(19) 0.7504(24) 0.2572(14)  0.032(6)
F1 04687(5) 02317(4) 0062%3)  0.0191(8)
0.5863(4) 0.2322(3) -00142(3)  0.0205(6)
(1.5947(8) 0.235%(8} -~00070(6)  00252)
F2 0.38U8(5) 0.4547(5) -0.1550(3)  00283(9)
0.2778(4) VA6 4) —~0.0007(3)  QO216(6)
0.2642(9) D4410(B)  —0077%(6)  0.022(2)
F3 0.353%5) OSB4(5)  ~0.663(3)  0.024%8)
0.2542(4) 0.0684{4) ~0.1025(3)  0.0230(6)
0.2433(8) 0.0716(3) —00985¢(6) 0022(2)
F4 0.207%5) 0.0577(4) 05907(3)  0.0201(8)
0.0560(5) 0.0558(4) 06714(3)  00292(7)
0.127%(10)  0.0357(9) 0.6538(6)  0.032(2)
F5 C.0880(5) 0.7330(4) GSU06(3)  0U226(8)
—00518(4) G:7315(3) 0564%(3)  0.0LBE(6)
-0.4502(9) 0.73148) 0.5652(6)  0.0204(15)
Fo 0.227%5) 0427R(4) 06119(3)  0.02148)
0.1223(5) 0.4462(4) 067TT6(3)  RO297)
0.159%9) 0.4503(9) 06658(6)  0.027(2)
E7 0.27745) 0.546)5) 00761(3)  CN262(9)
0.3507(4) 0.4650(4) 0.1604(3) 0.02146)
0.3817(9) 0.464009) 01606(6)  002%{2)
FR 0.2840(4) —0.0608(4) 00811(3)  0.0192(8)
0.3637(4) 00457(4) 0.15543)  0.0200(6)
0.3656(9) 0.0420(9) 0.1546(6)  0028(2)
9 0.1317(5) 0.0263(4) 0.3458(3) 0.0211(8)
0.2453(4) —0.0478(4) 04551(3)  C.0248(8)
0.2302(8) —0.0556(9) 058247)  0.029%2)
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Table 4. Continued

Atom x ¥ z U,
F10 Q13RI 5) 0.4612(5) 0.3530(3) 0.0214(8)
02297(4)  0.5678(4) 0.4317(3}  0.0218(6)
02266(8)  0.5760(8) 0.4174(6) 0.022(2)
Fll 0.5180(4) 0.2368(5) 0.6494{3} 0.0244{9}
0.4088(4)  0.2306(4) 0.6868(3)  0.026(7)
04443(9)  02370(10)  O.J030{6)  U.029(2)
F12 0.0716(5)  02636(5) 0.8124(3)  NOSA(9)
—00379(4)  0.2735) 0.8707(3) 00287
—0.0519(8)  0.2600(9) 0.8344(6)  0.027(2)

U, is one-third of the trace of the orthagonalized U, 1ensor.
* Qccupied by 4% Mn, the lacking Li amount is supposed 1o be
distributed on Lhe Mn sites (not considered in the calculations).

Table 5
Selected interalomic distances (A) and angles (deg) in the triclinic
A,A'MnF,, compounds

Cs,NaMn,F,, Rb,NaMn,F . Rb,LiMn,F ,
Mnt-Fl 2x2.126(3) 2.097(3) 2.084(6)
Mni-F2 2% 1.864(3) 1.875(3) 1.894(6)
Mnl-F7 2% 1.809(3) 1.811(3) 1.809(6)
Mn2-F3 2x2.115(3) 2.147(3) 2.140(6)
Mn2-Fl 2X1.869(3) 1.855(3) 1.878(6)
Mu2-F8 2% 1.812(3) 1.822(3) LBI9{&)
Mn3-F5 2x2.105(3) 2.142(3) 2.14046)
Mn3-F4 2% 1.875(3) 1.859(3) 1.878(6)
Mn3-F% 2x1.812(3) LB10(3) 1.819(6)
Mu4-F6 2x%2.142(3) 2.089(3) 2.093(6)
Mn4-F5 2x1.866(3) 1.880(3) 1.888(6)
Mnd-F10 2X1.812(3) 1.812(3) 1.821(6)
Mn5-F2 2.116(3) 2.123(3) 2.124{6)
Mn5-F4 2.134(3) 2.123(3) 2.125(6}
Mn5-F3 1.874(3} 1.874(3) 1.38R(6)
Mn5-F6 1.871(3) 1.876(3) 1.879(7)
MnS-Fil 1.514(3) 1.797(3) 1.810(6}
MnS—F12 1.795(4) 1.805(3) 1.806(6}
Na/Li-F12 2.236(4) 2.280(3) 1.932(13)
NafLi-FI1 2.242(4) 2.260(3) 1.892(14)
Na/Li-F8 2.336(4) 2.421(3) 2.39(2)
Na/Li-F7 2372(4) 2.494(3) 2.50{2)
Na/Li-F10 2.420(4) 2.341(3) 2.15(2)
Na/Li-F3 2424(4) 2.484(4) 2.18(2)
Na/Li-F5 2.70R(4) ~F1 2.541(3) 263(2)
Cs/Rbl-F  12X3.128-3.757 2781-3.43 2928-3774
Cs/Rb2-F  12%2.575-3.613 2.904-4.005 2.936-3.973
Ranges of ‘vight” octahedral angles
F-Mnl-F 815,125 B7.5-92% 82.0-92.1
F-Mn2-F 88.0-92.0 88.2-91.8 87.6-92.4
F-Mn3-F 875-925 87.4-926 874-R26
F-Mn4-F 825925 B7.3-92.7 82.3-927
F-MnS-F 87.0-97.0 845-915 84.4-1018
Bridge angles
Mnl-F1-Mn2 140.1(2) B 142.3(2) 141.4(3)
Mnl-F2-Mn5 143.5(2) 137.1(2) 131.5(3)
Mn2-F3-MnS 141.4(2) 135.1(2) 131.2(3)
Mn3-F4-MnS  139.0(2) 141.9(2) 138.1(4)
Mun3-F5-Mnd  142.0(2) 136.%(1) 137.0(3}
Mnd-F6-Mn35  138.5(2) 140.4(2) 135.2(3)
Average 140.8 1390 1360

Fig. 4. Section of the {MnF,}” layer in Cs,NaMn,F,. and its
orientation to the unit cell,

Table 1). The atomic parameters are given in Table 6,
and the geometrical data in Table 7. Now, three
independent Mn atoms are in the asymmetric unit, all
on symmetry centres (sites 4a—c).

Again, the Jahn-Teller distortion and ordering is
very similar to that of the other structures, The
coordination of the Cs ions is 12+2 (Table 7), be-
tween that of the Cs,Li (6+12) and that of the Cs,Na
compound (12). This unexpected sequence is probably
connected with the different puckering schemes of the
Kagomé layers in the different structure variants as
discussed below. The K ions adopt a 6+4 coordina-
tion, here.

Table a

Atomic f I i and equi i pic temperature
factors (A') for Cs,KMn,F,,

Atom x ¥ H [

Cs 0.30891(7) 0.2L75(1) 0.67539(6) 0.0282(3)
K 0.5 —0.2718(5) 0.75 0.0212(8)
Mnl 00 0.0 0.5 0.01L5(5)
Mn2 0.5 o LX)} 0.011L5(5)
Mn3 0.25 0.25 o0 0.0121(5)
F1 0.4485(6) 0236(9)  04713(7) 0.032(2)

F2 0.2027(6) 0.310(1) 0.8538(6) 0.028(2)

F3 0.3738(6) 0.5543(9)  0.5358(6) 0025(2)

F4 0.4818(7) 0.028(1) 0.8546(6) 0032(2)

F5 0.3370(6) 0.075(1) 0.9699(6) 0.028(2)

Fé 0.4287(7) 0.465(1) 0.8545(5) 0.029(2)

U, is one-third of the 1race of the orthogonalized U, tensor.
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Table 7
Selected interatomic distances (A) and angles (deg) in Cs,KMn . F,,
Mnl-F4 2X1.793(7) Mn3-F2 2XLSIATY
Mn1-F1 2x1.893(7) Mo3-F5 2x1.866{7)
Mnl-Fs 2% 2.124(8) Mn3-F3 2x2.136{7)
Mn2-F6 2. T98(7) K-F2 2% 2.63URY
Mn2-F3 2% :.397(7) K-F4 2x 2,67 8)
Mn2-Fi 2x2.147) K-Fo IX2T19(7)
Cs-F 12X2.972-3.619
Fanges of vight” vctahed-
ral angles Bridge angles
F-Mnl-F 86.6-93.4 Mnl-Fi-Mn2 14).7(4)
F-Mn2-F 86.1-93.9 Mn2-F3-Mn3 139.6(4)
F-Mn3-F 864-93.0 Mn3-F5-Mnl 143.0(9)
Average 1414

3.4. Influence of the alkali ions on the layer geometry

3.4.1. Jahn-Teller distortion

If the Jahn-Teller distortion is given as the ratio of
the bond length along the elongated axis divided by
the average of the bond lengths at the remaining two
octahedral axes (r,/r,, Table &,, it can be seen that
there is no systematical change with the alkali ions
A, A’ The corresponding values in the guadratic layers
{which also show no cleai variation) are all a little
higher. Thus, the vibronic coupling in the Kagomé net
layer seems to be a little weaker than that in a
quadratic TIAIF,-type layer.

342 Bridge angles Mn—-F-Mn

In a strong contrast to the quadratic layer structures
AMnF,, where a variation of A from Li to Cs gives a
change of bridge angles from 132.7° to 161.9°, only
minor variations are observed for the A,A'Mn,F,,
compounds (Table 8). The span of individual bridge
angles within one compound is often greater than the
differences between the mean values of different
compounds. These average Liidge angles vary {rom
136.0° tc 147.4° only; afl of them are (ower than the
ideal angle of a planar Kagomé net layer built from
regular octahedra, which is 150°. That means that
remarkable puckering of the layers must occur.

Table 8

3.4.3 Puckering of layers

An impression of the puckering medes in the three
structure types of A,A’Mn,F,, compounds is given in
Fig. 5. Two contributions of puckering may be dis-
tinguished: that in the arrangement of metal centres
only and that resulting from the 1iliing pattern of the
{MnF,] octahedra.

For the rhombohedral Cs,Li compound all the Mn
atoms of the Kagomé net arc coplanar. The same
holds for the monoclinic Cs,K structure. In the tn-
clinic structures the Mn5 atoms (on a general position)
show small deviations [rom the plane of the other Mn
atoms which are all on centres of symmetry. The
resulting waving amplitude in the Mn layers increases
from Cs,Na over Rb,Li towards Rb,Na.

The three different tilting patterns of the octahedral
units are represented by schemes in Fig. 6.

In Cs,LiMn,F,, all three octahedra are tilted, alter-
nating inside (towards the small Li atom) or all outside
the triangle (towards the Cs atom). In the Cs,K
structure a more complicated tilting pattern is evident:
two Mr atoms of a triangle show lateral tilts and for
one octahedron only an inside/outside inclination.
This conforms with the much larger size of the K
counter ion above or below the triangles. In the layers
oriented parallel to the (001) plane at z=0 and z =
0.5 there is an alternating undulation with the waving
directions in [110] and the {110] directions respective-
ly. The angle between these two directions is near 60°.
A more pronounced undulation is observed in the
triclinic phases where the Mn atoms are involved in
the waving, too. Here, the layers are parallel to the

[101] plane and the propagation of waves is in the
[101] dirzction.

3.44. Inter-layer distances

The inter-layer distances D, in the A,A'Mn,F,
compounds were obtained by transforming all struc-
woes to a ps udoee'l correspone ng to the hexagonal
seuing of the rhombohedral parent structure and
taking 1/3¢ as D, values given in Table 8. The
distances are interesting from the point of view of
inter-layer magnetic coupling; as expected, they follow

Comparison of A,A'Mn,F, compounds {ordercd with regard to the radii ratio r,/r,.) and AMnF, structures [6): Juhn-Teller distortion
V¢ = {Mn-F}),/{Mo-F),, . bridge angles (deg) and inter-layer distances D, (A)

Cempound ralra Space group Ve {Mn-F~Mn) D,
Cs,LiMn,F,, 247 R3 L165 1379 5756
Rb,LiMn,F,, 226 Pl 1146 1360 5705
Cs,NeMn,F,, 184 Pl 1152 1406 5969
Rb,NaMn,F,, 1.69 Pi 1.153 1390 5821
Cs,KMn,F,, 136 [ar 173 1153 14 6.000
AM0F, (A = Li-Cs) 1.169-1.181 132.7-1619 4.97-6.64
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Fig. 6. Octahedral 1ilting schemes for Cs,LiMn.F,, {top), the
triclinic phases (middle), and Cs,KMn,F,, (boltom). The arrows
give the inclination dirccti of the hedral tops.

the size of the smaller A’ ion connecting the Kagomé
layers, but the larger A ion has an additional effect.

4. Magnetic investigations

Two sompounds, triclinic Cs,NaMn,F,, and mono-
Fig, 5. Side view of the layers in (s) Cs,LiMa,F,, from the [ig]  Clinic Cs,KMn,F),, were investigated with the aid of a
divection, (b} Rb,LiMa,F,, from [010} () Cs,KMn,F,, from [001]. SQUID magnetometer in the temperature range be-
ls>lated spheres: large A, small A’ in A,A’'Mn,F,,. tween 2 and 300K. The Li compounds were not
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Fig. 7. Recip 2] plibilitics versus temperature for
(a) Cs,NaMn,F,, and (b} Cs,KMn,F,,.

considered owing to complications from the observed
Li/Mn disorder.

For both compounds the temperature dapendence
of the reciprocal susceptibilities (Fig. 7} shows a large
range of Curic-Weiss behaviour with 8, = —30K in

L]
[+
[=]

both cases. Beiow about 12 K for the Cs,Na and 16 K
for the Cs,K compound a field dependence of the
magnetization is observed. This effect has been evalu-
ated by measuring at different fields between 0 and
45 kQe: 'true’ antiferromagnetic susceptibilities were
derived for the low temperature range by extrapoia-
tion to M = 0Q0e. These corrected values are given in
Fig. 8.

Surprisingly, both the curves for Cs,NaMn,F,, and
Cs,KMn,F ., behave quite differently at low tempera-
tures. The latter shows a broad maximum at about
15K indicating ‘normal’ low-dimensional antiferro-
magnetic behaviour and at about 7K a sharp mini-
mum, probably due to 3D ordering. In spite of a very
similar shape of the susceptibility curve at higher
temperatures, for Cs,NaMn,F,, no indication for 2D
or 3D ordering can be found.

For calculation of the reciprocal susceptibilities
(solid lines in Fig. 8) the approximation of Rushbreok
and Wood [22,23] for a planar Heisenberg model with
§ =2 and fixed g = 2.0 was used with coefficients C, of
Lines [24].

As can be seen in Fig. 8, for Cs,XMn,F , a quite
good fit of theoretical and experimental data is ob-
tained for an exchange energy J/k= —2S5K. The
amount is higher than the comesponding exchange
energies in the AMnF, layer compounds (J/k= —1.2
up to +1.3K).

For Cs,NaMn,F, the susceptibility curve looks like
that of a paramagnet but the y,, values are much too
low for an §=2 paramagnet, as may be seen by
comparing with the theoretical curves for the low
exchange energies J/k = — 1.0K and —0.1 K included
in Fig. 8. Thus, the short range exchange encrgy must
be in the same order of —25K as for the C5,K

- - -

r .
¢ Co KMnF 2
+ Cs, N-MnaF’_2

-

wn

Q
L)

J/k2=01 K

k=-10 K

Susceptibllity X, 103Ccm3 /Mol
8 8

g = 200 S

It
N

1
90 120 150

Temperature[K]
Fig. 8. Corrected magnetic susceptibilities for Cs,NaMn,F,, and Cs,KMn,F,, and calculated curves for different exchange energics.
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compound, but the lack of a maximum in the suscep-
tibility carve indicates that there is ne real 2D or 3D
ordering. This unusual behaviour will be investigated
further by neutron diffraction and other experiments.

4.4, Exchange interactions in the Kagomé net layers

For the A ,MnF,(H,0) linear chain compounds [4]
and for the AMnF, compounds with quadratic layer
structures [7) the strong influence of the bridge angle 8
{Mn-F-Mn) on the exchange energies has been dem-
onstrated. For the latter structures with antifer-
rodistortive Jahn-Teller ordering the influence of
possible exchange pathways has been discussed [7.23].
In the A,A'Mn.F. layer compounds similar
asymmetrical bridges are present. Thus, it is supposed
that the same mechanisms will be active. According to
qualitative considerations following the Anderson-
Kanamori-Geodenough concept [26] and to theoret-
ical calculations by Atanasov [27] using angular over-
lap and extended illickel methods, two competing
main contributions to the exchange integral can be
assurned: a o/o* interaction (left in Scheme 1) and a
m/¢ interaction (right in Scheme 1).

The former is strongest at bridge angles 8 near 180°
and gives ferromagnetic coupling: the latter is
strongest at a hypothetical 90° bridge angle and
provides antiferromagnetic coupling. Both mecha-
nisms are enhanced by contributions of 4s/3d mixing
which is assumed to play an important role for
stabilization of the Jahn-Teller elongation with re-
spect to the alternative compression of octahedra.
Indeed, for the AMnF, compounds above 8= 150°
ferromagnetism had been found (CsMnF,), below
150° antiferromaguetism. The exchange energies show
A linear dependence with 0052,8 for the layer com-
pounds as well as 1P i T LTI, e,

Looking at these findings, for both Cs,NaMn,F,,
and Cs,KMn,F,, with asymmetrical bridges and Mn-
F-Mn angles 8 of 140.6° ar 141.4° respectively, domi-
nant antiferromagnetic coupling can be assumed in
apreement with the experimental results. The ex-
change energy of —2.5K obtained for the Cs,K
compound is remarkably higher than that of AMnF,

Scheme 1.

compounds with comparabie bridge angles (NaMnF,:
B=1384° Jlk = — LI5K: KMnF,: 8 = 140.6°/146.4°,
Jik= —0.6 K). A possible reason may be the weaker
Jahn-Teller coupling in the Kagomé-type layers. In
this way the o/o™* interaction may be weakened as the
character of d orbitals involved in the asymmetrical
bridge (d!: and d:_:) becomes blurred. Another
influence, which is difficult 10 estimale, may arise from
differences in octahedral tilting patterns, by which
mainly z-contributions may be inferred.

4.2. Magnelic ordering

Now the question arises of a possible magnetic
ordering of the antiferromagnetically coupled Mn''
centres at low temperatures. Here we deal with the
problem of contradictory interactions in a triangular
system with antiferromagnetic coupling, often cited
under the term ‘magnetic frustration’.

Recent theoretical calculations (28} for an isotropic
Heisenberg antiferromagnet on a Kagomé lattice
yiclded disorder of spins even at T=0K if exchange
only is taken intoe account. However, the inclusion of
dipole~dipole interactions which become more im-
portant in anisotropic 2D systems enhances a possible
long-range ordet.

Experimental work on compounds with triangular
octahedral structural units has been performed for
instance with pyrochlore-related Auorides like
CsNiFeF, [29] or CsCu,F; [30]. The results of mag-
netic investigations were interpreted in terms of the
spin—glass theory [31]. However, in similar systems,
ordered non-collinear spin systems, e.g. with 120°
arrangements, have been found (e.g. KMnFeF, [32],
KCrF, [33]) and are discussed under the term of
“~daredagysiration”. Jt seems possible that both short-
range and long-range ordering Ticdes are realized in
our compounds Cs,NaMn,F,, and Cs,KMn,F,, re-
spectively. Apparently, the small differences in the
geometry of the lavers either allow for magnetic
ordering or do not. Further investigations, e.g. by a.c.
susceptometry or neutron diffraction, are necessary to
clear up these guestions.

Acknowledgments

We thank Professor Dr. J. Pebler for many helpful
discussions on the magnetic properties, Dr. G. Frenzen
and Dr1. E. Herdtweck for her valuable contributions
in the first stages of crystallographic investigations of
twinned Cs,NaMn,F,,. The financial support of the
Deutsche Forschungsgemeinschaft is gratefully ap-
preciated.



. Englich et al. | Journal of Al'eys and Compounds 246 (1997) 155-165 165

References

[1] H.A. Jahn and E. Teller, Prec. R. Soc. London Ser. A.. I6{
{1937) 220
[2] D. Reinen and C. Frichel, Siruct. Bonding, 37 (1979) 1.
[3] L.B. Bersuker. The Jahn—Teller Effect und Vibronic Interactions
in Modern Chemistry, Pleaum, New York, 1984,
{4] J. Pebler, W. Massa, H. Lass and B. Ziegler, J. Sofid Stute
Chem.. 71 {1987) B7.
[5] F. Hahn and W. Massa. Z. Nuturforsch. Teil Bz 45 {1990) 1241,
{6] M. Malinier and W. Massa, Z. Naturforsch. Teil B:. 47 (1992)
T83.
[7] M. Molinier. Ch. Frommen, W. Massa, J. Pebler and Th.
Roisnel. Z. Naturforsch. Teil A 48 (1993} 1054.
{8] D.T. Cromer and ).T. Waber. in {nfernational Tables for X-ray
Crystatlagraphy Vol. C. Kluwer. Dordrecht. 1992, Tables 6.1.1.4
and 4268,
191 GM. Sheldrick, sarixTi-eus Release 4.2, Siemens Analyticai
%-Ray Instruments. Inc.. Madison. W1 USA. 1990,
|10] G.M. Sheldrick, sarix193, Program for the Refinement of
Crystal Strirceures, Gottingen, 1993,
[11] G. Courbion, C. Jacobeni and R. De Pape, ('R. Acad. Sci.
Paris, Ser, C. 237 {1971) 819,
[12| G. Courbion, C. Jacoboni. R. De Pape, Acta Crestaliogr. Sect.
B:. 32 (1976) 31%0.
[L13] D. Babel, Z. Anorg. Aflg. Chem., 387 (1972) 161
[14] O. ¥akubovich, V. Urusav, G. Frenzen, W. Massa and D Babei.
Z. Anorg. Allg. Chem., 619 (1993) 1909.

(15] A. Hartung. W. Verscharen, F. Binder and D. Babel. Z. Anorg.
Alig. Chem.. 456 (1979) 106.

|18} C. Jacoboni, C.R. Acad. Sci. (Paris} Ser. C, 273 (1573) 809,

[17] A. Le Bail. Y. Gao, J.L. Fourquet and C. Jacohoni, Marer, Res
Bail. 25 {1990) 831.

L8] M. Miilter and B.G. Miiller, Z. Anorg. Aflg. Chem., 621 {(1995)
993

{19] R.D. Shannon. Acta Crystallogr. Sect. Az, 32 (1976) 751.

{20] W. Massa. B. Post and D. Babel, Z. Kristallogr., 158 (1982) 299.

23] W. Massa. Z. Kristallogr.. 153 (1980) 201.

[22] G.S. Rushbrooke and PJ. Wood, Mol. Phys.. ] (1958) 257.

[23] G.S. Rushbrooke and P). Wood, Mal. Phys.. 6 {1563) 49.

{24] M.E. Lines. J. Phys. Chem. Solids. 32 (1970) 101.

[25] W. Massa. M. Molinier and J. Pebler. J. Flugrine Chem.. 72
(1995) 171

[26) LB. Goodencugh, Magnetism and the Chemical Bond. Inter-
scicnee Wiley, New York, 1963,

1271 M. Alanasov. in preparation.

[28] €. Pich and F. Schwabl. Deutsche N Rein-
storf/ Luncburg, 1995, Abstr., p. 110,

[29] W. Kunz, Selid State Commun., 42 (1982) 871.

30} V. Kaiscr. Thesis. Marburg, 1992,

[31] K. Binder and A.P. Young. Rev. Modern Phys.. 58 (1986) 801,

{32} P. .acorre. ). Panaetier and G. Ferey, J. Magr. Magn. Mater.,
94 (1991) 33X,

[33] P. Lacorre. M. Leblanc. ). Pannctier and G. Ferey, J. Magr.
Magr. Mater.. %4 £199t) 337




