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Jahn-Teller ordering in Kagomk-type layers of compounds 
A,A’Mn~‘F,, (A = Rb, Cs; A’ = Li, Na, K)’ 

Far a series of new Mn(ll1) fluorides the crystal structures have been determined hy X-ray diffraction on single crystals: 

Cs,LiMn,F,,. space group Rx. 2 = 3 (merohedral twin). a=7.440(13. c = 17.267(3) A. R = 1.95%: three isc&ucturaf tiinfc 
phases. space group Pi. Z=2. Cs,NaMn,F,,. a=7.305(1). b-7.512(1). c=l0_376(2)A. a-89.69(3)“, /3=87.32(3)‘. r= 
89.89(3)=. R=2.75%: Rb,NaMn,F,,. n=7.1!5(1). 6=7.482(l). c= lO.Wl(Z)A. 0=89.92(3)‘, /3=8652(3~, ~=89.51(3)q 
R=2.70%: Rb,LiMn,F,>. 0=6.883(l). h=7.481(1),c=10.194(2)A. ,x=89.42(3)“. ~=87’.L6(W. 7=9&E(3)? R=4.87%; 
monoclinic C+KMh,F,,. space group C2lc. Z = 4. o = 13.1 E(3). b =7.571(Z). c = i2672(3) A. IJ = lOl3.79(3~. R = 5.3%. AlI 
slructures derive from the Cs,NaAI,F,, parent structure and consist of [Mn,F,i] layma of turner-sharing aftaltedra of the 
Kagom&net-type (3+6 octahedra units like in the hexagonal tungsten bronze layers). The [MnF,] octahedra are strongly 
elongated by the Jahn-Te!ler effect with ratios of long to short axes of abour 1.15. In all st~~tues the long axes are oriented 
within the layers in an allrrnating wind-wheel-like pattern corresponding to an antifemodistonive 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 antifemmagnetic exchange interactions (Ilk = - 2.5 K). bui only for Oie Cs,K compound 
has 2D and 3D ordering been found at low temperatures. The results are discussed in context wirh Ihe lahn-Teller ordering and 
the ‘frustrated’ exchange situation in the Kagom& net. 

1. lalroduelioll 

Octahedral compiexes of transition metal ions in a 
d4 [high spin), d’ [low spin) or d’ configuration usually 
show anomalous structural properties because of the 
unequal occupation of e, orbitals {ei ore:) giving rise 
to anisotropic a-antibanding properties. In a crystal, 
the vibmnic coupling between the electronic system 
and the lattice modes results in an ordering pattern of 
valence electrons (here e, electrons) conrected with a 
regular distortion pattern of the structure (‘Jahn-Tel- 
kc ordering’). This is the special case of a strong 
J&u--Teller effect for systems deduced from an E, 
ground term [l-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 Jabn-Tel- 
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ler ordering. In addition. their prcmounwd tendency IO 
build ID or 2D structures allows for investigations of 
the magnetic exchange proper&s that are strondy 
influenced by the eleclronic ordering. Ooe main topic 
concerned compounds with linear chain [MIS,]*- 
anions (e.g. Reb. [4,5]). a second one AMnF, com- 
pounds (A = alkali melal) with quadratic ~nF,]- 
layers (e.g. Refs. [6,7]). Here we report on a new class 
of Jahn-Teller distorted structures with [MnF,]- 
layers deriving from the Kagom&net-type in the 
compounds AZA’Mn3F,2 &,A’ = alkali metal). 

2. Enpcrirnenti 

Brown-red powder samples and small crystals of 
zompounds A,A’Mn,F,, with ~binations A$‘= 
Cs,Li, Cs,Na, Cs,K and Rb,Li. Rb,Na could be 
prepared by healing mixtures of the binary fluorides at 
820°C or 720°C (C&K, Rb,Na) in se&d platinum 
tubes. MnF, was claimed from NH,MnF, by Buorina- 
tion with FZ at 470 “c. CsF and RbF were prem by 
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thermal decomposition of the hifluorides CsHF, (at 
3oO’C) and RhHF, (al 6’JO“C) formed from the 
carhonares (Merck, pa.) which were dissolved in 40% 
HF. For the other alkali tluoridcs commercial products 
(Merck, pa.) were used. The purity of the samples was 
examined by analyses of the fluorine conlenis and by 
X-ray powder diffractometry. 

The single crystal X-ray investigations were per- 
formed on Buergcr precession cameras (Enraf- 
Nonius. MoKa radiation) and a four-circle diffrac- 
tometer (CAD4, Enraf-Non& 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 
28 range. For data collections O-SC? , were used. An 
LP correction and an empirical absorption correction 
based on (V-scans were applied. The structures have 
been solved by Patterson techniques or refined starting 
from analogous structure madels. Scattering factors 
for neutral atoms and contributions of anomalous 
dispersion have been taken from Ref. [X]. 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 [lo]. More details arc given 
in the IabIes of the following section. 

3. Crystal slructures 

A compound A,A’M:“F,, was frrst described and 
its structure dctcrr;:ned by Courbion it al. 
(Cs,NaAI,F,Z [ 11.12]). ‘Yhe slructure is rhombohcdral, 

space group RSm and may be interpreted as an order 
variant of the pyrochlore-related RbNiCrE‘, type 1131. 

Ordered substitution of 114 of the octahedral sites by 

a smaller alkali metal ion (here Na) changes the 3D 
pyrochbre network to a Kagom&type layer structure 
(for a further diicuss~~n of structural relationships of 
the weberites and fluorite see Ref. [i4]). Later, other 
compounds A,A’M:“F,, were prepared with M”’ = 
Ti. Y Cr. Fe, Co, SC, Ga and other combinations of 
alkaIi metals [15-t7]. However, recently, another two 
single crystal structure determinations were reported 
showing monoclinic variants for K,NaAI,F,, and 
Rb,NaAi,F,, [17]. 

For all our Mtt(Il1) compounds crystals could be 
grown but. simiiar to the latter Al compounds, the 
structure determinations were rather difficult due to 
twinning or pseudo-symmetry problems. Three differ- 
ent ~tmclure variants were encountered which are 
discussed below. The experimental data are collected 
in Table 1. 

For the C+Li compound a rhombohedral unit cell 
was found (Table I) similar to that-of Cs,NaAI,F,, 
1121. The Laue group seemed to be 3m (Rim, = 0.044) 
and an analogous siruclure model in the space group 
I& could be refined successfully. A very smaII 
resulting temperature factor for the Li atom suggested 
a passible partial disorder with Mn on the octahedral 
positions. Indeed. a split atom model containing 6.5% 
Mn at the Li site. and vice versa. led to rather good 
results with a residual of wR2 = 7.3% (for all reflec- 

Formula Cr,LiMn,F,, CsINuMn,F,, 
Formula welghl b4S.58 blll.63 
Crystal size {mm ‘) a 12 x 1m7 x0.02 0.t5x0.12xo.a~ 
Ahwplion coett. p (cm ’ ) loo.2 976 
w-scan con.. r,., m,~ 0.99. u.s7 0.77. 0.66 
spa% group R3. Z=3 Pi.Z=Z 
Latlicc comtmt~ (Mo Ko) 
0 (A) 7_44tt( I ) 7.305(l) 
6 IA) 7.512(I) 
c (A) 17.267(3) 10.37qz) 
01 WJg) 89.89(3) 
B (W R7.32(3) 
7 (dee) B.@(3) 

DensiCy & (gem ‘) 1.m 3.980 
Meawin~ range 0 (deg) 3-28. h.+k.?l 2-28. h.tk.tl 
Reflections 

mat. 2853 2173 
uniqr. ,2Cq) 446.400 xtm. 1557 

Parameteni 32 I70 
Residuals wR, =, R’ 0.04+ 0.019s a.oxn. 0.0275 
4~..,,. (e A-‘) l.ll3, -0.39 &al. -0.55 

’ For all refteckmo: * for the oboervcd rctktions (>2@(1)). 

RblNaMn,,F,, Rh2LiMn,F,, 
5WlS 570.70 
0.30x 025 x 0.09 0.1Dx0.07x0.0t 
125.9 129.3 
0.96. 0.57 0.99. 0.66 
pi.z=z pi.z=z 

7.115(!1 b.W( I ) 
7.482(l) 7.481(1) 
lO.lW(2) lO.lW(2) 
fWQ(3) R9.42(3) 
8&P(3) B7.16(3) 
89.51(3) 9n2S(3) 
3.610 3.615 
2-27, ?k.-k.‘-l 2-27. ‘h.-k.51 

2360 2307 
21a7. 1855 2139, 1132 
170 171 
0.0732.0.0270 0.1063. 0.0487 
0.54. -0.59 1.17. -0.998 

Cs,KMn,F,, 
697.74 
o.Isx~.loxo.~5 
Y&b 
0.88. Wd 
Gvc. z = 4 

13.112(3) 
7.571(2) 
12.672(3) 

loB.79( 3) 

3.892 
3-2). Ck.k,rl 

20x3 
1031. 859 
a7 
0.1321. tm53o 
3.71. -151 



157 

tions), corresponding to a conventional R = 2.3% for 

thr: observed reflections only (Fn > 4o(F)). 

The resulting structural feature has two anomalies: 
the anisotropic displacement ellipsoid of the bridging 
F’2 atom is somewhat large in the hnd direction, and 
the coordination geometry at the Jahn-Teller ion 
Mn(III) is that of a compressed octahedron (2x Mn- 
F1=1.804(1) A. IXMn-F;! = 1.992(1)p\). Thii is very 
unusual, as all hitherto known structures with 

[MnFJ- units show strongly elongated octahedra. 

Thus, it seemed probable that the mirror plane of 

space group Rh providing symmetric bridges Mn- 
F2-Mn and four equal equatorial distances is really 
absent. The real space group is then the maximal 
subgroup 8 and the high Laue group ?+n may be 
pretended by merohedral reflection twinning with the 
mi&ng mirror plane (120) as twin element. A corre- 
sponding twin model of a structure with asymmetric 
bridges refined very well (program SHELYL-93 1101) 
resulting in a twin ratio of 0.46( 1). nearly 1:I. and still 
somewhat better residuals of wR, = 4.41% and R = 
1.95%. There is no doubt that this model gives the 
correct descriptibn of the structure. especially as 
analogous geometries have been found later on at 
un-twinned crystals of all other A+‘Mn,F,I com- 
pounds. The resulting atomic parameters are given in 
Table 2. 

Fig. I shows that now, in contrasl to the previous 
feature. the [MnF,] octahedra are elongated. Their 
geometry resembles that in the AMnF, layer struc- 
tures 161. The bond lengths and angles are given in 
Table 3. The topology of the Kagomti net allows - 
like the quadratic net - an order of elongated 
octahedra so thar 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 antifermdistortive ordering en- 
countered in the AMnF, compounds (Fig. 2). It is this 
ordering type that is found in Cs,LiMn,F,, (Fig. 1). 

Recently, a similar structure with a Jahn-Teller ion 
has been found in C~,CU,M’~F,, (Ml’= Zr. HI) [IS). 
It contains layers of the &go&-net-type formed by 
[Cu”F,] octahedra. In contrast to our structures. these 
layers are conneeted by the MIy ions instead of by the 

Table 2 
Atomic fraclional cwrdinaks and equivalenl isotropic temperature 
ractor~ (A’) for Cs,LiMn,F,, 
Atom x Y 2 0 LU 

CS n.iJ 0.0 0.12859(21 
Mn’ 0.5 0.0 0.0 

0.03321(15) 
O.Oll3(i) 

FL O&61(11) O.S261( 11) o.tol2qtl) O.u27&(6) 
Fz 0.4103(4) O.lSsq7) O.O24ca(lS) O.uSlq7) 
Li’ Ofl 0.0 0.5 O.OM(,) 
VU, is me-third 01 the trace of the orthogotiubttd U,, tenSOr. 
’ Oscupied by 2.17% Li; b acupicd by 65% MR 

alkali metal ions. Thus. the structure is really 3D 
connected and the Jahn-Teller distortion is perpea- 
dicular to the Kagomi layer. because now the Cu-F- 
M’” bridging provides the weakest Cu-F bond. In the 
A:A’Mn,F,, compounds, the bridging bonds h-F- 
Mn within the KagomC layers are the weakest. These 
examples again confirm the observation that in a 
certain structure type the jahn-Teller distortion (nor- 
mally an elongation) always cccurs along the weakest 
bond axis. In the case of ambiguities, like in the 
quadratic AMnF, or &go&-type A&h&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(l)“, a typical value for a pyrochkme-like net- 
work. In fact. the Li atoms connecting the 2D FnF,] 
layers to form the ordered 3D pyrochIore netrvork are 
in a nearly undistorted octahedral coordination (Li-F 
2.039(Z) A, F-U-F 87.7/923’) which is similar in size 
to Ihe [MnF.] octahedra. It is therefore not surprising 
that a partial mutual substitution (here 6.5%) of the 

Tahlc 3 
Sclecled rowatomic dis~anoe (A) and angks (deg) in CsILiMn9,1 
Mn-FL 2X1.867(4) LikF 

2x I.B52(4j 
6X2.Kt9(2) 

MD-F2 ck-R 3X3533(3) 
Sh-F2 2~213Y4) CS;FL 3X3.711(8) 

G-PI 3X3.736(3) 
C&-W 3x3.843(8) 

Fl-Mn-F2 883(Z) 
Fi’-Ma-F2 m.*2) 
F1-MD-FL 91.7(t) 
Fl’-M”-F2 9w2) 
FL-Ml-w 81.W) 
W-Mn-FT sza(l) 

MWR-Ml? 137.9(l) 

FI-I&Fl’ 3X87.71(8) 
FI-Li-FI” JXpMlW 
FI’-Li-Ft. 3XIal 



Fig. 2. Scheme of antiferrodistortivr ordering of elongated octahedra in the quadratic layer structures of AMnF, compounds (left) and the 
wrrerpndmg ordering in rhe A,A’Mn,F,, compounds (right). 

octahedral Li and Mn sites is observed. Attempts to 
prepare completely ordered samples for magnetic 
investigations failed. The Li-F distance agrees well 
with the sum of the Shannon [i9] ionic radii (2.045 A). 

The coordination of the Cs atoms is 6 + 12, as in the 
pyrochlore parent structure. It may he 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 situated above and below the 

Fig. 3. Coordination of caesium between two layers. 

large six-membered octahedral meshes of the Kagomo 
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 atc,ms. 

In the AMnF, compounds 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 rntiferromagnetism [6,7]. We were 
thus interested to see whether a similar behaviour 
occurs at the Kagome net layer slructures. Therefore, 
the influence of variation of the A2A’ counter cations 
has been invest mted IOO. 

3.2. Triclinic structures of CsAJVaMn,F,,, 
Rb_,NaMn,F,, and Rb,LiMn,F,? 

Single crystal invcsrigrnions on these three com- 
pounds claimed tricliiic lattices with primary mono- 
ctinic and semndary rhmnbohedral 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 

LI, - - 2130, - h,i3 - cJ3: 6, - 6,: 

c,- - 4130, - 2136, + c,, 13 

They correspond to the monoclinic cells found for 
the Al compounds Rb2NaAI,F,, and K,NaAl,F,, 
[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 P&/m, the 



same as given for the Al compounds. However, the 
resulting coordination geometry of the Mn(II1) cen- 
tres is again that of compressed octahedra with 
symmetrical Mn-F-Mn bridges. This unusual Jahn- 
Teller distortion accompanied by anrrmalous thermal 
ellipsoids at the bridging fluorine ligands and. especial- 
ly, the weak but significant breaking of the monoclinic 
Laue symmetry (RR,.,(monocl.) = 0.112, R,.,(trlcl.) = 
0.024) gave rise to the selection of the triclinic space 
group Pl. Now the refinement of a structural model 
with asymmetrical bridges converged very well at R = 
0.028 (wR, = O.OSO)+ 

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 Ave independent Mn atoms, the structures 
show the same features in principle as the afore- 
mentioned rhombohedral type. As an example, the 
layer oI’ Cs,NaMn,F,, is drawn in Fig. 4. In all cases, 
the same Jahn-Teller ordering of elongated [MnF,] 
octahedra is observed as in G,LiMn,F,,. The geome- 
try is surprisingly similar, as will be discussed later in 
summarizing for all slructuces. 

The main differences are in the surroundis 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 CM. 12 only, instead of 18 in 
the Cs,Li analogue. The Li ion in Rb,Liin,F,, is 
now in a distorted 6+ 1 coordination similar IO the Na 
ions in the Cs,Na compound, whereas a clear C.N. 7 is 
achieved in Rb,NaMn,F,,, One of the Li-F distances 
is a surpris@y short 1.89A. in the region of values 
for tetrahedrally coordinated ti’ like in the garnet 
Li,Na Fe,F,, (1.85CIA [ZO]) or in Li,vF, (1.840- 
1.909 A [21]). However, the remaining Li-F distances 
ara rather large (Table 5) so thal the average for the 
first six bond lengths is 2.29A. which is much larger 
than expected for six-coordinated Li. 

3.3. Monoclinic structure of Cr,KMn,F,, 

For the Cs,K compound a monoclinic C-centred 
lmmit 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): 

% - -24~-b~;b,-b~:c,-21~~+113b~-2lk~ 

The stmhue was solved in the space group C2/c 
(for cry6tal data and experimental conditions see 

C&l 
Rbl 

CS2 
RbZ 

Mnl 

Mn2 

Mn3 

Mn4 

M”5 

NJ 

t.l’ 

Fl 

F-2 

n 

F4 

FS 

F6 

F7 

Fa 

F9 

U.0X-W) 
-0.02145(7) 
~u.ulu(2) 

0.48947(6) 
0.4&396(7) 
0.49X(2) 

0.5 
0.5 
0.S 

0.5 
05 
0.5 

0.0 
0.U 
0.0 

Cl.0 
0.0 
0.0 

0.2911S(i2) 
O.l8943(9) 
0.1999(Z) 

0.2164(3) 
0.29oq3) 
0_29ol(r9) 

O.‘lav(5) 
0.5883(4) 
lW+i7(8) 

0.3s!m(yq 
0.277%(4) 
0.2642(9) 

0X39(5) 
O.zw(4) 
0.24x$@) 

O.XW5) 
O.osso(5) 
0&!79(10) 

o.asaq51 
~aoSle(4) 
- 0.0502(9) 

0.2279(S) 
at228(5) 
O.lSw(9) 

W772(5) 
0.3807(4) 
0.3817(9) 

O.=4w4) 
03687(4) 
0.3656(9) 

a751 lya) 
0.737x(7) 
0.74!%(Z) 

O-6) 
w!i291(7) 
02521’2) 

0.5 
a5 
0.5 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

OS 
05 
05 

0.24917(11) 
day% 
=Q4i2) 

0.74wp) 
6.763-w 
0.7!i9424) 

oa17(4) 
02322(3) 
a903) 

0.4547(53 
u4446l41 
o.*cl~sj 
ao584(5> 
0.0684(4) 
o.rmqs) 

0.0577(43 
OJJ558(4) 
O.u357(9) 

ti73=(4) 
tk7315(3) 
0.7314(S) 

0.42744) 
a-4) 
a-93 

zz$! 
am(g) 

-aw4) 
Ro(97(1) 
amo(9) 

Osslm(4) O.W14) 
o.sflt41(5) tko249(2) 
0.%976(12) w274(4) 

03644q4) O.lz!t!4(13) 
o-53 O.a29l(2) 
0.3814Yi3) O.lr.w(4) 

0.0 0-3) 
0.0 aotW2) 
a0 O.Olzo(6) 

0.0 0.01u2(3, 
0.0 O.Oio8(2) 
0.0 OJmqb) 

z 
aoos6(3) 
aotoy2) 

a5 0.0VJ9p5) 
05 aolm(3) 
0.5 0.01~2) 
0.5 &0129(6) 

0.77_775@) 0.01o!l(2) 
0.78294(s) aottq2) 
fi77M(2) aoi34(yq 
rJ.2=6(2) aot 88(5) 
0=45(2) O.ot9444) 
w!!(u) O.mya) 

O.ix27(3) t&0191(8) 
-0.014(3) 
- O.mm(6) 

-0.0779&j QOZlfi)- 
-LLl6a(3) aow(a 
-alcQ5(3) at=%@ 
-aC=5W O.uz(Z) 

OJw3) O.tW~l(8) 
0.6’114(3) ao292(7) 
O.==(6) am(z) 

a-3) lums(w 
-3) OJXes(6) 
OXW61 WWW5) 

oxi119(3) ao2tys) 
a47-w(n &Qw7) 
a-6) aw2) 

00761(3) o.=(9) 
at601(3) ao21*6) 
ntms(6) O.ozy2) 
aa3ti(3) aotmfa) 
atuy3) aozoo(6) 
C’.t5W6) a.o28(2> 

0.1317(5) 0.~4) 
0.2453(4) -au47w) 

awas(3) yw; 
m(3) 

O=tQW) -amw(w -7) ams(21 



b 0 

FIO O.lxqS) 
0.2297(4) 
“.2X6(8) 

0.4hl?(S) 
05678(41 

U.35.7(1(3) 
0.4317(3) 

0.0214(8) 
0.0218(h) 
“.022(Z) 

“.“244{9) 
U.O2W(7) 
U.OZY(2) 

n.02shw 

0.57&j 0.417dibj 

0.5180(d) 02368(S) 0.6494(3, 

0.4088(4) 0.2306(4) 0.6&8(3) 
0.4443(9) 0.2370(10) 0.703U( 6) 

F12 0.0716(S) 
-0.0379(4) 
-O.c61Ylll~ 

cI.2636(5) 
11,2737(S) 
u.2hQ)191 

O.8124(3) 
O.R707(3) 
0.8344161 

FIl 

. . . , 
Us, IS one-third 01 the TIPC~ of rhc orthagonalized U,, !ensar. 
a Occupied by 4% Mn. the lacking Li amnum is suppnsed Ln be 
distdbuwd on Ihc Mn sites (not considered in the calculations). 

Table 5 
Selected irtcralumic dirtawes (A) and angles (dcg) in the lriclioic 
A,A’Mn,F., cur”Pounds 

Mnl-FI 

Cs,NaMn,F,, Rb?NaMn,F,, Rb,LiMn,F,, 

2X2.12613) 2.09701 2.Wli4161 
Mnl-F-2 

Mnl-F? 

&Z-F3 
MnZ-Fl 
MnZ-F8 
Mo3-FS 
Mn3-F4 
Ml&W 
Mn4-F6 
M&-F5 
Mn4-Fl0 
Mn5-F2 
MnS-W 
h&l-Q3 
Mn5-F6 
MnS-FI 1 
MI&F12 
NalLi-F12 
NalLi-FII 
NalLi-F8 
NaILi-F7 
NalLi-FIO 
NslLi-F9 
NrlLi-F.5 
CsiRbl-F 
WRM-F 

2x I.&i3j I .875i3i 
2xl.m(3j l.Sll(3) 
2x2.115(3) 2.147(3) 
2x 1.869(3) 1.855(3) 
2X1.812(3) 1.822(3) 
2X2.10513) 2.142(3) 
2X1.875i3j m9i3j 
2x1.812(3) LXIO(3) 
2x2.142(3) 2.089(3) 
2x1.8&$3) 1.88q3) 
2X1.8120) 1.8120) 

2.123i3 j 
2.1230, 

1.874i3j i.m&j 
1.871(3) 1.876(3) 
1.814(3) 1.797(3) 
1.795(4) 1.805(3) 
2.236(4) mq3j 
2.24214) 2.26(1(3) 
2536i4j 2.42li3j 
X372(4) 2.494(g) 
2A20(4) 2.341(3) 
2dZ4(4) 2.484(4) 
2.708(4) -FI 2.541(3) 

l2%3.I28-3.757 .?.781-3.:43 
12x2.575-3.613 2.904-4.w 

L844i6j 
1.804(6) 
2.140(b) 
1.878(b) 
Ii319,b) 
2.14q6) 
1.878(b) 
1.819(6) 
2.093(6) 

l.W6) 
1.821(b) 
2.124(b) 
2.125(6) 
1.X+8(6) 
1.879(7) 
I.B10(6) 
l.En6(6) 
1.932(13) 
lBY2(14) 
2.39(2) 

2.W2) 
2.15(2) 
2.18(Z) 
263(Z) 
2.92&3.774 
2.936-3.973 

87.5-92.5 879-92.1 
88.2-91.8 87.6-92.4 
81.4-92.6 87.4-92.6 
m.3-92.7 87.3-92.7 
ws-97.5 84.4-101.8 

142.3(2) 
137.1(Z) 
135.1(2) 
141.9(Z) 
136.9(l) 
14wZ) 

141.4(3) 
131.2(3) 
131.2(P) 
138.1(4) 
137.0(3) 
135.7(3) 

Table 1). The atomic pcrameters 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 Mm-Teller distortion and ordering is 
-6ery 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 C.s,Na 
compound (12). This unexpected sequence is probably 
connected with the different puckering schemes of the 
Kagome layers in the different structure variants as 
discussed below. The K ions adopt a 6+4 coordina- 
tion, here. 

Rongen “f ‘righL’oC&LdM m&s 

F-Mnl-F 87.5-92.5 
F-Md-F 88.O-Y2.0 

Abrn L P z u=, 
CE 0.3os91(1) 0.2175(1) 0.67539(6) 0.0282(3) 
K 0.5 -0.2718(5) cl.75 0.0212(8) 
Mnl 0.0 0.0 0.5 0.0115(5) 
Mn2 0.5 0.0 au o.tnk+ j 
MD3 0.25 0.25 0.0 0.0121(5) 
Pi OA485(8) 0.2346(9) 0.4113(7) 0.032(Z) 
Fz 0.2027(6) a31q 1) (WW6) 0.028(2) 
F3 0.3738(6) 0.5543(9) 0.5358(6) Osw(2) 

E 
0.4818(73 0.028(l) 
0.3370(b) OJDS~l) k%g; 

0.032(Z) 
0.028(2) 

F6 0.4287(7) 0.465(l) o&545(5) O.v29@) 

F-Mn3-F 87%92.5 
F-Ml+&F 87.5~92.5 
F-M&F 87.0-97.0 

.Bridge ~gies 
.Mnl-Fl-Mn2 140.1(2) 
Mnl-fL-Mn5 143.5(2) 
Mlrz-Q3-Mn5 141.4(Z) 
Mn3-i+-Mn5 139.0(2) 
MI+FS-Mn4 142.qZ) 
Mn&F&Md 13&5(2) 

U,, is one-third of the mce of the onhogonaliad iJ,, tenrcrr. 



MnlLF4 2.x 1.79317) Mn3-F2 2x1.81217) 
WI-F, 2X1.893(7) MnLFS ZXl.wJ(7) 
Mnl-FS Zx2.lid(R) Mn3-m 2x2.136(7) 

MnZ-F6 2 798(7) K-F2 2X2.63218) 
MnZ-F3 2x :697(7) K-F4 2x2.679(8) 
MnZ-FI 2x2.114(7) K-F6 2X2.719(7) 

CWP I2X2972-3619 

hz~s uJ ‘m&i ’ ucruherl- 
*a( on& Sri/&y on& 
F-Mnl-.F 86.6-93.4 Mnl-Fl-Mn2 131.7(4, 
F-Mn:!-F x6.1-93.9 MI&F33-M”3 139.6,~) 
F-Mn3-F 86.4-93.6 MT&FS-Mnl 143.0(4) 

AtWtW I‘l1.J 

3.4. Injluence of the alkali inns on rhe layer geometry 

3.4.1. Jahn-Mlcr divturrivn 
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 a( the remaining two 
octahedral axes (r,/r,, Table b,. it can be seen that 
there is no systematical change with the alkali ions 
A,A’. The corresponding values in the r;uaJratic layers 
(which also show no &al variation) are all a little 
higher. Thus, the vibronic coupling in the Kagome net 
layer seems to be a little weaker than that in a 
quadratic TIAlF,-type layer. 

3.4.2. Bridge angles Mn-F- Mn 
In a strong contrast to the quadratic layer Structures 

AMnF,, where a variation of A from Li 10 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. ‘l%ese average Li’.dge angles vary from 
136.0” tc !4i.4” only; a<( oi them acs ~.WS ttian the: 
ideal angle of a planar Kagomi net layer built from 
regular octahedra, which is IW. That means that 
remarkable puckering of the layers must occur. 

3.4.3. Puckering of layers 
An impression of rhe puckering modes in the three 

structure types of A,A’Mn,F,, compounds is given in 
Fig. 5. Two cxmibuGonl; of Pickering may be dis- 
tinguished: that in the arrangement qf metal centres 
only and that resulting from khe tiliing paltem of the 
[MnF,] octahedra. 

For the rhombohedral Cs,Li compound all the Ma 
atoms of the KagonG net are copkmar. TRe same 
holds for the monoclinic Cs,K structure. In the tri- 
clinic structures the Mm5 atoms (on a general positkm) 

show small deviarions from the plane of the other Mn 
atoms which are all on centres of symmetry. The 
resulting waving amplitude in the Mn layers iucrcases 
from Cs,Na over Rb,Li Iowan& RbJVa. 

The three different tihiig patterns of the oFtahedral 
units are represented by schemes in Fig. 6. 

In Cs,LiMn,F,z all three octahedra are tilted. alter- 
nating &de (towards the small Li atom) or all outside 
the triangle (towards the Cs atom). III the C&K 
structure a more complicated tilting pattern is evident: 
two ME atoms of a triangle show lateral lilts 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 Ihe layers 
oriemed parallel to the (001) plane at z = 0 and L = 
0.5 there is an_alternating un&lation with the waving 
directions in [IlO] and the [llO] directions respective- 
ly. The angle between these two directions is near 609 
A more pronounced undulation is observed in ihe 
triclinic phases where the Mn atoms arc involved in 
the waving, too. Here, the layers are parallel to the 
[lOi] plane and the propagation of waves is in the 
[loll direction. 

3.4.4. inter-layer distances 
The inter-layer distances D,, in Ihe A,A’Mn,F,, 

compounds were obtained by hansforming all stmc- 
IIXS to a ph. udoczll corrcsponu‘~g lo the hexagonal 
xiing of the rhombohedral parent structure and 
taking 113~ as D,, values given in Table 8. The 
distances are interesling from the point of view of 
inter-layer magnetic coupling: as expected, they fdOW 

Table 8 
c~mpalisrm of A,A’M~,F,, compounds (ordered with regard to the radii r&o 1*/r._) and AMnF. rtmctwes [6]: John-Telkr dismnim 

vrn = (Mn-F),~,/(Ma-F),,,,. bridge angles (deg) and inter-layer di&mces D,, (A) 
Compound r*lr, sp= Braup v#r (Mu-F-Mu) Q, 
C!QiMll,F,, 2.47 R9 I.165 137.9 5.756 
Rb,LiMn,F,, 2.26 pi 1.146 136.0 5.705 

CW~%F,, 1.80 Pi 1.152 lUl6 5.969 

Rb,NaMn,F,, 1.69 pi 1.153 1391) 5.821 

CsKMnP,, L.36 Lmr 1.153 141.4 mm 

AMnF, (A = Li-0.) 3.16!Ll.381 13z.7~161.9 437-6.64 



Fig. 5. Side view 01 Ihe layers iii (a) Cs,LiMn,F,, from the [IlO] 
direction. (b) Rb,LiWn,F,, from [OIO] (c) Cs,KMn,B,, from [DX]. 
la Aaied spheres: large A. small A’ in A,A’Mn,F,,. 

Fi@, 6. Octahedral lilting schemes for Cs,LiMn,F,, (lop). the 
triclinic phaw (middle), and C+Kbln,F,, (bouom). The anow 
give the inclinalion directions of the octahedral tops. 

the size of the smaller A' ion connecting the Kagom6 
layers, but the larger A ion has an additional effect. 

4. Mqneiic investigatiom 

Two compounds, lriclinic CstNaMn,F,, and mono- 
clinic Cs,KMn,F,,, were investigated with the aid of a 
SQUID magnetometer in the temperature range be- 
tween 2 and 3OOK. The ti compounds were not 
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considered owing to complications from the observed 
LilMn disorder. 

For both compounds the temperature dependence 
of the reciprocal susceptibilities (Fig. 7) shows a large 
range of Curie-Weiss hehaviour with e, = - 30 K in 

both cases. Bcim abonr 12 K for the Cs,Na and 16 K 
for the Cs,K compound a field depeodencc of the 
magnetization is ohserved. Tlds effect has been evalu- 
ated by measuring at different fields between 0 and 
45 kOe: ‘true’ werromagnettc suxqxttis were 
derived for the low temperature range by extrapoia- 
tion to H = 0 0e. These corrected values are given in 
Fig. 8. 

Surprisingly, both the curvcs for Cs,NaMn,F,, and 
C@Z.GI,F,~ behave quite &ffereMly at low tempera- 
tures. The tatter shows a broad maximum at about 
15 K indicating ‘normal’ low&imensional antikrrw 
magnetic behaviour and at about 7K a sharp mini- 
mum, probably due to 3D ordertag. In spite of a very 
simdar shape of the susceptiiiIity curve at higher 
temperatures, for Cs,NaIn,F,, no indication for 2D 
or 3D ordering can be found. 

For calculation of the reciprocal susceptihitities 
(solid lines in Fig. 8) the approximation of Rushbrook 
and Wood [22,23] for a planar Heisenberg model witb 
S=2andfuredg=2.OwasusedwitbcoefficientsC,of 
Lines 1241. 

As can be seen in Fig. 8. for C+KMn,F,, a quite 
good fit of theoretical aad experimental data is ob- 
tained for aa change energy Ilk = - 2.5 K. The 
amount is higher than the corresponding exchange 
energies in the AMnF, Iayer compounds (J/k = - 1.2 
up to +1.3&L). 

For Cs,NaMn,F,z the suxeptibility curve looks like 
that of a pammagnet but the xH values are much too 
low for an S = 2 pammagnet, as may be seen by 
comparing with the theoretical c-s for ihe low 
exchange energies J/k = - l.OK and -0.1 K iachxkd 
in Fig. 8. Thus, the short range exchange energy mwt 
be in the same order of -25K as for the Cs,K 



compound. but rhc lack ul B maximum in the auscep- 
tihilitv carve indicaks that there is no real 2D or 3D 
order&g. This unusual hrhaviour will he investigated 
further by neutron diffraction and other experiments. 

For the A,MnF,(HLO) linear chain compoundo [4] 
and for the AMnF, compounds with quadratic layer 
structures [7] the strong infhtence OF the bridge angle fl 
(Mn-F-Mn) on the exchange energies has been dem- 
onstrated. For the latter structures with anlifer- 
rodistortive Jahn-Teller ordering the intluettce of 
possible exchange pathways has been discussed [7,2S]. 
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 hndcrson- 
Kanamod-Goodenough concept [26] and to theoret- 
ical calculations by Atanasov 1271 using angular uver- 
lap and extended Iliickcl methods, two competing 
main contributions to the exchange integral can be 
assumed: a alar’ interaction (left in Scheme 1) and a 
x/o interaction (right in Scheme 1). 

The Former is s:rongest at bridge angles p near 180” 
and gives ferromagnetic coupling: rhe latter is 
strongest at a hypothetical 90” bridge angle and 
provides antiferromagnetic coupling. Both mecha- 
nisms are enhanced by contributions of 4sl3d mixing 
which is assumed to play an important role for 
stabiliiation of the Jahn-Teller elongation with re- 
spect to the alternative compression of octahedra. 
Indeed, for the AMnF, compounds above p=lSo” 
ferromagnetism had been found (CsMnF,), below 
150” antiferromagttetism. The exchange energies show 

+_a linear dependence with c&p for the layer com- 
pounds as wr’i 86 i.T~ETlL. Lr.uu. L.3~L.,%SC%. - 

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

scheme 1. 

compounds with comparable bridge angles (NaMnF,: 
j3 = 138.4’. J/k = - 1.15 K: KMnF,: p = 140.6”/ 146.4’. 
J/k = - 0.6 K). A possible reason may be the weaker 
Jahn-Teller coupling in the Kagom&type layers. In 
this way the V/V* interaction may be weakened as the 
character of d orbitals involved in the asymmetrical 
bridge (d]? and dy2_>z) becomes blurred. Another 
influence, which is difficuh to estimate, may arise from 
differences in octahedral tilting patterns, by which 
mainly rr-contributions may be inferred. 

Now the question arises of a possible magnetic 
ordering of the antiferromagnetically coupled Mn”’ 
centres at law 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 (281 for an isotropic 
Heisenberg antifetromagnet on a Kagomd lattice 
yielded disorder of spins even at T = 0 K if exchange 
only is taken into account. However, the inclusion of 
dipole-dipole interactions which become more im- 
portant in anisotropic 2D systems enhances a possible 
long-range order. 

Experimental work on compounds with triangular 
octahedral structural units has been performed for 
instance with pyrochlore-related fluorides 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-c.ollinear spin systems, e.g. with 120” 
arrangements, have been found (e.g. KMnFeF, [32], 
KCrF, [33]) and are discussed under the term of 
‘~~&?&&xo: Ji +erns possible that both short- 
range and long-range or&ing’%odcs arc rcafized in 
our compounds Cs,NaMn,F,, and Cs,KMn,F,, re- 
spectively. Apparently, the small diiferences in the 
geometry of the layers either a!low for magnetic 
ordering or do not. Further investigations, e.g. by a.~. 
susceptometry or neutron diffraction, are necessary to 
clear up these questions. 

We thank Professor Dr. J. Pebter for many helpful 
discussions on the magnetic properties, Dr. G. Frenxen 
and Dr. E. Herdtweck for her valuable contributions 
in the first stages of crystallographic investigations of 
twinned C!s,NaMnrF,,. The financial support of the 
Deutsehe Forschungsgemeinschaft is gratefully ap- 
preciated. 
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