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In the energetically best crystal structure the
Br atoms form a distorted cubic close packing,
with the Si atoms occupying 1/8 of the tetra-
hedral voids in such a way that the molecules
themselves also form a distorted cubic close
packing. This structure type is found experi-
mentally for CF4 and PbCly. In the other low-
energy structures the Br atoms adopt various
sphere packings.
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Chain manganates:
A new family of mixed-valent one-dimensional transition metallates

J. Nuss, M. Stahl, S. Pfeiffer, M.A. Senaris-Rodriguez and M. Jansen

Charge, spin and orbital ordering are regarded
as crucial prerequisites for the occurrence
of collective physical phenomena like high-
T. superconductivity or pronounced magneto-
resistance in extended solids showing low-
dimensional substructures. In most instances
the required mixed-valence state of the respec-
tive transition metal has been introduced by ex-
trinsic doping. Such an approach, however, has
the unfavorable side effect of broken transla-
tional symmetry (perturbed periodicity).

Recently, we have developed the azide/nitrate
route for the synthesis of alkali oxometallates.
It allows for a remarkably minute control and
adjustment of the compositions, including the
oxygen contents, of the targeted transition met-
allates, opening a versatile access to intrinsi-
cally doped extended oxides [1]. Among the
transition elements manganese stands out, be-
cause of its richness in accessible oxidation
states, and thus appears to be particularly suit-
able for further probing the potential of the
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azide/nitrate route. By increasing the alkali
metal to manganese ratio beyond the values typ-
ical for, e.g.., hollandites like Rb;_Mn4Og. we
have been able to shift the oxidation state of
manganese to lower values (2+/3+) and to break
down the three-dimensional framework of the
anionic MnO» part of the hollandite to a one-
dimensional partial structure, with an amaz-
ingly ample family of intrinsically doped new
oxomanganates emerging.

The compositions realized thus far,

e KyoMn 7034 [2].
e Rb;1MngOy6 [2.3].
e RbysMn;;02; [3.4].
e Csy4Mn30Og [2], and
o Csy3Mn gMnjs.

were obtained from stoichiometric mixtures of
the precursors Mn;03, ANO; and AN; (A=K,
Rb. Cs) in steel containers, provided with silver
inlays. Equation (1) gives the ratio required for
Rb11MngMnje. as an example.
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58 RbN3 + 8§ RbNO3 + 24 Mn,03 _
— 6 Rby;;MngOi6 + 91 N> (l)
With the exception of Csa3Mnj602g, the com-
positions can be generalized as A, MnO, with
x varying from 1.706 to 1.333. The most
prominent structural feature, shared by all of
the AxMnO> compounds, is a one-dimensional
polyanion 1 [MnO,]*~ constituted of edge shar-
ing, sometimes heavily distorted, MnQO, tetra-
hedra, forming a hexagonal rod-packing. The
alkali metal ions fill the space between the
anionic entities resulting in a honeycomb like
topology. Figure 8 shows the structural princi-
ple (for example of RbyjsMny; Os).

Figure 8: Above: perspective representation of the
crystal structure of RbjsMnj; 022, with margins of
the unit cell (grey); shortest Rb—Rb contacts are
drawn by orange sticks. Below: Structural fragment,
showing two of the 1 [MnO,]>~ chains of edge chair-
ing MnO, tetrahedra in c-direction.

Obviously manganese is in a mixed-valent state.
One may assign average or split valences, cor-
responding to

Kngnl-, M115 034 or K'JgMnl "'940 34,

Rb;; MnIMn"O ;6 or Rby;Mnj 204,
Rb;sMn'Mn" 0, or RbysMn} %0y, and
CS4MH]IM1112HO4 or CS4Mn;r2'66706.

Fully ordered charges should be reflected by
specific Mn—O distances. For a tetrahedral coor-
dination one would expect Mn—O bond lengths
of 1.9A (Mn*") and 2.0A (Mn?"). respec-
tively. Upon inspecting the interatomic dis-
tances found experimentally, one notices sig-
nificant spreads from 1.84 A to 2.11 A, cover-
ing the full range expected for the distances of
Mn3* and Mn>* to oxygen.

Another significant structural detail results from
the necessity to adjust the translation period of
the MnO»> chains to the alkali metal framework.
For Cs4Mn3O¢ a simple formula for the av-
erage compatible periodicities can be given:
3 X dp—Ma = 2Xdcs—cs =¢=8.179(2) A.  Find-
ing the smallest common denominator for the
other representatives leads to extraordinarily
long crystallographic axes:

K29Mn;7034

[B4xdyy—mn =29%xdg_g=a= 93.149(3)&],
Rby1MngOy6

[16 X AMo—Ma = 11 Xdro—Rro = =43.712(2) A]
and RbjsMn;1032

[22X dpvg—Ma = 15 X dRp—rp = € =59.798(2) Al
As a consequence of this matching of the
translation vectors of the &GMnOQ_ polyan-
ions and the respective alkali ions. the oxida-
tion state of manganese is fixed. The smaller
cation generates a larger ratio between al-
kali metal and manganese in KyoMn;7034=
Ki1.706MnO7, and consequently a larger ra-
tio of Mn**/Mn3* =0.71/0.29. The bigger ce-
sium ion only allows for a smaller ratio Cs/Mn
(Cs4Mn306 = Cs;.333Mn03), and thus a smaller
ratio Mn**/Mn>** =0.33/0.67 results. Finally.
the oxygen atoms. which form a screw around
the manganese backbone, have to match the
coordinative requirements of both, the alkali
metals and the manganese atoms (Fig. 8).
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Figure 9: Coordination of Mn in RbyjsMny; O2;: (a)
t-plot (modulation function [5]) of the four Mn-O
distances of the first coordination shell. (b) #-plot
of the valence of Mn obtained by the bond-valence
method. (c) the six O-Mn-O angles as a function
of the parameter f. (a)—(c) vertical dashed lines in-
dicate those values of ¢ that are realized in the com-
mensurate composite structure; bold lines have to be
counted twice due to symmetry relations.

The modulations of the charges of manganese,
and the periodicity of the alkali metal frame-
work diverging from the one of the MnO->
chains can be more appropriately addressed
within the (3+1)D superspace approach [5]. At
least Rby;;MngO¢ and Rb;sMn;; 05, can be de-
scribed as composite structures consisting of
two subcells, one for the rubidium and another
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for the MnO> substructures, whereby the inter-
subsystem contacts result in a displacive mod-
ulation, mainly of the oxygen atoms [3]. A
uniform and inclusive description is provided
by analyzing the modulation function (#-plots
Fig.9): The Mn—O bond has not only one op-
timal value, but the modulation of the coordi-
nation of Mn reflects the two limiting valence
states of this atom. This results in Mn—O bonds
being longer for Mn*>* than for Mn®*, on the
average (Fig.9(a). the four Mn—-O bonds are
pairwise equal). The relatively large variation
of Mn—O bond length from 1.80A to 2.05A
can indeed be explained by the two valence
states of Mn as it is shown by the valence
sums computed by the bond-valence method
(Fig. 9(b)). The helical MnO; chains are com-
posed of strongly distorted MnOy; tetrahedra.
Each two O—Mn—O angles that are related to the
two edges connecting two polyhedra are in the
range of 90° (thin lines in Fig. 9(c)) and show
smaller variations as compared to the remaining
four angles. The latter can be divided into two
subsets, with angles around 105° and around
135°, respectively (bold lines, Fig. 9(c)).

square
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Figure 10: Fragment of the crystal structure of
RbyjsMny; Oz with right-handed (top) and left-
handed (below) helicoidally surface, emphasizing
the helicoidally shaped MnO; chain with alternat-
ing, more like tetrahedral and square planar coordi-
nation of manganese.

The extreme values of ~95° and = 150° are
indicative for an approximately square planar
configuration (ideal angles 90° and 180°). while
those of & 115° and ~ 125° are approaching
the value expected for a tetrahedron (ideal an-
gles 109°, each). Taking the information con-
tained in Figs. 9(a)—(c). together, confirms that
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the surrounding of Mn?* is a distorted tetrahe-
dron and the one of Mn3" approaches a square
planar-like coordination, respectively. Although
the modulations of distances and angles indi-
cate an intermediate valence state of Mn, a
value of = 1/2 can be roughly estimated for the
tetrahedral/planar and thus the Mn**/Mn>* ra-
tio (Fig. 10). This ratio is in agreement with the
mixed-valence character of manganese as it can
be deduced from the compositions of both com-
pounds Rb;;MngO¢ and Rb;sMn;; 055, with
Mn?*/Mn** & 1/2.

Figure 11: Above: Representation of the crystal
structure of CspzsMn;607g. with margins of the unit
cell (green); shortest Cs—Cs contacts are drawn by
orange sticks. Below: 1 [MnO]*~ and L [Mn3Os]®~
chains of edge and corner chairing MnOy tetrahedra
in a-direction.

Turning to the exception mentioned in the be-
ginning, the compound Csy;sMniMn™ 0,3, it is
obvious from the overall composition that only
one out of the 16 manganese atoms is triva-
lent and that the anionic partial structure can no
longer consist of LMnO3~ chains exclusively.
Indeed. a new one-dimensional polyanion is
present, with the building motif being clusters
of six MnOj tetrahedra. each linked by common
edges. Such clusters are finally connected by

sharing oxygen atoms (common corners) form-
ing LMn302" chains (Fig. 11).
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Figure 12: TField-dependent measurement of the
magnetization of Csp3Mnj60,g at different temper-
atures.

Since each member of the novel family of in-
trinsically doped manganates displays a dis-
tinct spontaneous electric and magnetic polar-
ization, and, coupled to the latter, also an elas-
tic deformation, this class of compounds ap-
pears to be a promising system for compara-
tive studies on multiferroic properties, as well
as on charge, spin and orbital ordering. Fig-
ure 12 demonstrates the spontaneous magneti-
zation and the occurrence of different magnetic
states for Csa3Mny0as.
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