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ABSTRACT: Barium gold polyphosphide BaAu2P4 was
synthesized from elements and structurally characterized by
single crystal X-ray diffraction. BaAu2P4 crystallizes in a new
structure type, in the orthorhombic space group Fddd (No. 70)
with a = 6.517(1) Å, b = 8.867(2) Å, c = 21.844(5) Å. The
crystal structure of BaAu2P4 consists of Au−P layers separated
by layers of Ba atoms. Each Au−P layer is composed of infinite
∞
1 (P−) chains of unique topology linked together by almost
linearly coordinated Au atoms. According to Zintl−Klemm
formalism, this compound is charge balanced assuming closed
shell d10 configuration for Au: Ba2+(Au+)2(P

−)4. Magnetic and
solid state NMR measurements together with quantum-
chemical calculations reveal diamagnetic and semiconducting
behavior for the investigated polyphosphide, which is as expected for the charged balanced Zintl phase. Electron localization
function and crystal orbital Hamilton population analyses reveal strong P−P and Au−P bonding and almost nonbonding Au−Au
interactions in BaAu2P4.

■ INTRODUCTION
Phosphorus is known to form numerous polyphosphide
anions.1 The topology and dimensionality of such polyanions
is dictated by (i) the tendency of phosphorus atoms to realize
an electron octet by utilizing their own valence electrons along
with the electrons provided by surrounding metal cations; and
(ii) the number, size, and preferred coordination of metal
cations. This results in a plethora of different chemical
compositions, crystal structures, and a variety of physical
properties. The fascinating chemistry of binary and ternary
metal polyphosphides was reviewed by von Schnering and
Hönle 25 years ago.2 A combination of two metals with
different chemical natures has proven to be an effective way to
produce new polyphosphides with unprecedented phosphorus
polyanion topologies.3−10

In our search for new semiconducting phosphides with
potential thermoelectric applications we came across a new
barium gold phosphide BaAu2P4. Thermoelectric materials are
capable of converting heat into electrical energy and vice
versa.11 They can be used for a wide range of applications such
as Freon-free refrigerators and AC units, as well as waste heat
and direct solar thermal energy converters.12 To be effective,
thermoelectric materials are expected to exhibit low values of
both electrical resistivity and thermal conductivity. The
peculiarities of the crystal and electronic structures of highly
anisotropic layered polyphosphides with narrow band-gaps
make them potentially effective thermoelectric materials. In this
work, we report the synthesis of the BaAu2P4, which crystallizes
in a new structure type with a unique topology of infinite

phosphorus chains ∞
1 (P−). We have characterized this

compound by means of X-ray diffraction, scanning electron
microscopy (SEM)-energy dispersive X-ray (EDX) micro-
analysis, solid state 31P nuclear magnetic resonance (NMR)
spectroscopy, magnetic properties measurements, as well as
quantum-chemical calculations including electron localization
function (ELF) analysis.

■ EXPERIMENTAL SECTION
Single phase samples of BaAu2P4 were prepared by solid-state
reactions. All manipulations with the initial materials were performed
inside an argon-filled glovebox (p(O2), p(H2O) ≤ 1 ppm). The
starting materials, metallic barium (Sigma-Aldrich, 99.9%), gold
powder (Alfa Aesar, 99.96%), gold(I) chloride (Sigma-Aldrich,
99%), and red phosphorus (Alfa Aesar, 99%), were used as received.
Single phase samples of BaAu2P4 were produced from elemental Ba,
Au, and P. Reagents were mixed in a stoichiometric ratio, placed in
glassy-carbon crucibles, and subsequently sealed inside evacuated silica
ampules. The ampules were heated to 1173 K over 17 h and annealed
at that temperature for 140 h. The products were ground and annealed
again for 140 h under the same conditions. Annealed samples
contained numerous metallic plate-like crystals, which were stable in
air for at least several months and resistant to a 72 h treatment with
concentrated hydrochloric acid.

Additionally, single crystals for structural analysis have been
synthesized using AuCl as a flux. Hereby, Ba, AuCl, and P were
mixed in a 2:2:4 molar ratio and annealed at 1173 K for 140 h. Any
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barium chloride formed during synthesis was removed by washing the
sample with water.
X-ray Powder Diffraction and Elemental Analysis. The

samples were characterized by powder X-ray diffraction (XRD)
using a Bruker D8 Advance diffractometer employing CuKα radiation
(Supporting Information, Figure SI 1). Elemental analysis of selected
single crystals was carried out on a Hitachi S4100T scanning electron
microscope (SEM) with energy-dispersive X-ray (EDX) microanalysis
(Oxford INCA energy) (Supporting Information, Figure SI 1). Sample
analysis confirmed the presence of only Ba, Au, and P in the samples.
Because of the overlap of Au and P lines, the EDX analysis was
semiquantitative. The experimental ratio of (Au+P)/Ba, 6.2, was close
to what was expected from the single crystal diffraction determined
ratio of 6.
Single Crystal X-ray Diffraction. Data were collected at room

temperature using Bruker AXS SMART diffractometer with an APEX-
II CCD detector. The data set was recorded as ω-scans with 0.3° step
width and integrated with the Bruker SAINT software package. The
data set was indexed in an orthorhombic face-centered unit cell.
Systematic extinctions clearly indicate Fddd (No.70) as the only
possible space group. An analytical absorption correction was applied
using face-indexing of the crystal. The solution and refinement of the
crystal structure were carried out using the SHELX suite of
programs.13 The structure was solved in the Fddd space group, and
the final refinement was performed using anisotropic atomic
displacement parameters for all atoms. A summary of pertinent
information relating to unit cell parameters, data collection, and
refinements is provided in Table 1, and atomic parameters and
interatomic distances are provided in Tables 2−3.

Solid State 31P Nuclear Magnetic Resonance (NMR) Spec-
troscopy. The 31P magic angle spinning (MAS) NMR spectrum of
polycrystalline BaAu2P4 was collected using a Bruker Avance 500
spectrometer operating at a magnetic field of 11.7 T, 31P resonance
frequency = 202.4 MHz. A crushed BaAu2P4 sample was placed in a
ZrO2 rotor and spun at 17 kHz in a Bruker 2.5 mm MAS probe. The
one-pulse 31P MAS NMR spectrum was obtained using a π/4 pulse (1
μs) and a recycle delay of 60 s. A total of 124 free induction decays
were averaged and Fourier transformed to obtain the spectrum. A 31P
static spectrum of the sample was also collected using a Bruker 7 mm
MAS probe. The crushed sample was placed in a ZrO2 rotor, and the
spectrum was collected using a π/4 pulse (2 μs) and a recycle delay of

60 s. A total of 100 free induction decays were averaged and Fourier
transformed to obtain the static spectrum. The static line shape was
simulated using the software DMfit.14 The 31P chemical shift was
externally referenced to that of aqueous 85% H3PO4.

Magnetic Properties. The temperature dependence of the
magnetic susceptibility was measured in the applied field of 0.1 T
using the commercial Magnetic Property Measurement System
(Quantum Design MPMS). A corresponding diamagnetic correction
for the contribution of the sample container was applied by measuring
an empty sample container under similar conditions.

Quantum-Chemical Calculations. Density functional band
structure calculations using a full potential all-electron local orbital
code FPLO (version fplo7.00−28) within the local density
approximation (LDA) were performed.15 The Perdew−Wang para-
metrization of the exchange-correlation potentials was employed.16

The density of states (DOS) and band structures were calculated after
convergence of the total energy on a dense k-mesh with 32 × 32 × 32
points, with 4505 irreducible k-points. Additionally, electronic
structure calculations and bonding analysis were carried out using
the tight binding−linear muffin tin orbitals−atomic sphere approx-
imation (TB−LMTO−ASA) program package.17 The Barth−Hedin
exchange potential was employed for LDA calculations. The radial
scalar-relativistic Dirac equation was solved to obtain the partial waves.
A basis set containing Ba(6s,5d,4f), Au(6s,6p,5d), and P(3s,3p)
orbitals was employed for a self-consistent calculation, with Ba(6p),
Au(5f), and P(3d) functions being downfolded. For bonding analysis,
the energy contributions of all electronic states for selected atom pairs
were evaluated with a crystal orbital Hamiltonian population (COHP)
analysis.18 Integration over all filled states yielded −ICOHP values as
measures of relative overlap populations. The electron localization
function (ELF, η)19 was evaluated with modules implemented within
the TB−LMTO−ASA program package. The ParaView program was
used for visualization of ELF isosurfaces.20

■ RESULTS AND DISCUSSION
Synthesis. The formation of BaAu2P4 was first observed

during studies of the thermal stability of the clathrate phase
Ba8Au16P30.

21 Subsequently, synthesis of the single phase
sample of BaAu2P4 was performed by annealing the mixture
of elements at 1173 K. The presence of a small admixture
(<5%) of metallic gold cannot be excluded because of the
overlap of Au and BaAu2P4 diffraction peaks as well as texturing
of the latter compound (Supporting Information, Figure SI 1).
The optimal temperature for synthesizing BaAu2P4 appeared to
be 1173 K. Increasing the synthesis temperature to 1273 K
resulted in the formation of a multiphase sample containing Au,
Au2P3, barium phosphides, and BaAu2P4. In turn, reduction of
the synthesis temperature to 1123 K led to the formation of
mixtures of Ba8Au16P30

21 and BaAu2P4.
Crystal Structure. BaAu2P4 crystallizes in a new structure

type. The crystal structure can be described as [Au2P4]
2− layers

separated by Ba2+ cations (Figure 1a). Barium atoms are
coordinated by six gold and eight phosphorus atoms forming a

Table 1. Data Collection and Structure Refinement
Parameters for BaAu2P4

a

space group Fddd (no. 70) ρ [g cm−3] 6.895
temp. [K] 293(2) μ [mm−1] 53.420
a [Å] 6.517(1) θ [deg.] 3.73 < θ < 26.96
b [Å] 8.867(2) data/parameters 346/18
c [Å] 21.844(5) R1 0.017
V [Å3] 1262.3(5) wR2 0.034
Z 8 goodness-of-fit 1.075
λ [Å] 0.71073 diff. peak and hole [e/Å3] 1.57 and −1.02
aFurther details of the crystal structure determination may be obtained
from Fachinformations-zentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany, by quoting the depository number CSD-
425778.

Table 2. Atomic Coordinates and Equivalent Displacement
Parameters for BaAu2P4

atom Site x/a y/b z/c Ueq
a

Ba 8a 1/8
1/8

1/8 0.0185 (1)

Au 16g 1/8
1/8 0.28814(1) 0.0134(1)

P 32h 0.4371(2) 0.2592(2) 0.29723(6) 0.0131(3)
aUeq is defined as one-third of the trace of the orthogonalized Uij
tensor.

Table 3. Selected Interatomic Distances (Å) and Angles
(deg) for BaAu2P4

atoms distance atoms angle

Au−P 2.365(1)×2 ∠ P−Au−P 170.37(6)
Au−Au 3.2165(6)×2 ∠ Au−Au−Au 117.59(2)
P−P 2.207(3) ∠ P−P−P 101.72(8)
P−P 2.227(3)
Ba−Au 3.3419(5)×4
Ba−Au 3.5637(9)×2
Ba−P 3.476(1)×4
Ba−P 3.828(1)×4
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distorted bicapped hexagonal antiprism (Figure 1b). The
[Au2P4]

2− layer is composed of infinite phosphorus chains
∞
1 (P−) running parallel to each other and linked together with
gold atoms. Four identical [Au2P4]

2− layers are present in the
unit cell (Supporting Information, Figure SI 2). Each next layer
is shifted and rotated with respect to the previous layer. All
phosphorus chains in one layer are parallel to each other. The
propagation directions of the phosphorus chains in neighboring
layers are rotated by ∼72° along [001] axis. The stacking of
[Au2P4]

2− layers is mediated by electrostatic interactions with
Ba atoms. Reciprocal lattice images of BaAu2P4 reveal the
presence of diffuse scattering features (Supporting Information,
Figure SI 3), which indicates the possibility of stacking disorder.
Each phosphorus atom has a coordination number of three:

2P+1Au (Figure 1c). Each gold atom is almost linearly
coordinated (∠P−Au−P is 170°) with two phosphorus atoms
at a distance of 2.36 Å. Two more distant gold atoms at 3.22 Å
complete the coordination sphere of Au (Figure 1d). A linear
coordination for gold atoms with two phosphorus atoms is
found in other gold phosphides, like Au2P3,

22 K2AuP,
23 and

MAu2P2 (M = Hg, Tl, Pb)8 (Figures 2a-2c). In K2AuP two
more distinct gold atoms, d(Au−Au) = 3.08 Å, form a planar
rhombus around the central gold atom, ∠Au−Au−Au is 180°
(Figure 2a). A similar nearly planar coordination of 2P+2Au
atoms is found in MAu2P2 (Figure 2c). In Au2P3, four gold
atoms, d(Au−Au) = 2.93 Å and 3.10 Å, complete the
coordination of the central gold atom forming a distorted
octahedron with all five gold atoms lying in one plane (Figure
2b). In the structure of BaAu2P4, ∠Au−Au−Au is only 118°

and the Au@Au2P2 unit has a butterfly shape (Table 3, Figure
1d).
The Ba−Au−P system exhibits high diversity in the local

coordination of gold and phosphorus atoms. Besides BaAu2P4,
Nuss and Jansen have reported a BaAuP compound where Au
and P atoms have trigonal-planar coordination and no

Figure 1. Crystal structure of BaAu2P4: (a) general view; local coordination of (b) Ba, (c) P, and (d) Au atoms.

Figure 2. Local atomic coordination of gold atoms in the crystal
structures of (a) K2AuP,

23 (b) Au2P3,
22 (c) PbAu2P2,

8 and (d)
BaAuP.24 Note that in the latter case the shortest Au−Au distance is
4.41 Å.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400584w | Inorg. Chem. 2013, 52, 7061−70677063



homoatomic bonds are formed (Figure 2d and Supporting
Information, Figure SI 4).24 We have recently synthesized a
clathrate compound Ba8Au16P30 where Au and P atoms are
tetrahedrally coordinated, and multiple P−P bonds are
present.21 Another interesting example of a compound
containing phosphorus chains linked together by gold atoms
was reported by Jeitschko et al. in the compounds MAu2P2 (M
= Hg, Tl, Pb).8 In the crystal structures of MAu2P2 each
phosphorus atom is coordinated by two gold atoms thus
forming a three-dimensional framework with M atoms situated
in the large channels of this framework (Supporting
Information, Figure SI 4).
The infinite phosphorus chains ∞

1 (P−) have a different
topology in MAu2P2 and BaAu2P4. The ∞

1 (P−) polyanionic
phosphorus fragment is typical for various metal polyphos-
phides such as the monophosphides of alkali metals and the
diphosphides of divalent metals. While the local ∠P−P−P is
close to a regular tetrahedral angle, ∞

1 (P−) chains exhibit high
configurational and conformational variability, which is dictated
by the size and coordination of surrounding cations (Figure 3).
Five types of ∞

1 (P−) chains have been reported so far. From
Figures 3e and 3f one may conclude that phosphorus chains in
BaAu2P4 are similar in topology to those found in PdP2.

25

However, Figures 3g and 3h demonstrate the difference
between those chains. In PdP2, four phosphorus atoms lie in
the plane perpendicular to the direction of chain propagation.
This leads to the following sequence of torsion angles: 180°−
92°−180°−92° (Supporting Information, Table SI 1). In
BaAu2P4, the torsion angles are 180°−38°−180°−38° and no
planar fragments perpendicular to the direction of chain
propagation are present. To the best of our knowledge, the
phosphorus chains present in BaAu2P4 are unique.
Electronic Structure and Properties. According to the

Zintl concept26,27 BaAu2P4 is an electron balanced compound
and gold exhibits a closed-shell d10 electronic configuration.
Assuming full electron transfer from Ba and Au cations to
phosphorus atoms, each phosphorus atom should form two
homonuclear bonds and have two electron lone pairs, thus
realizing an electron octet. This would require six electrons per
phosphorus atom, that is, a formal oxidation state of −1. The
formula of the compound can be written as (Ba2+)(Au+)2(P

−)4.

Band structure calculations support thus assumption (vide
infra).
Measurements of the temperature dependence of the

magnetic susceptibility reveal the diamagnetic behavior of
BaAu2P4 as expected for a Zintl phase (Figure 4). The

diamagnetic contribution can be calculated using Pascal
constants for Ba2+ (−26 × 10−6 emu/mol), Au+ (−40 × 10−6

emu/mol), and P0 (−26.3 × 10−6 emu/mol).28 The resulting
calculated contribution for BaAu2P4 (−2.1 × 10−4 emu/mol) is
slightly smaller than the observed value. Note that no tabulated
value for P− is reported, which may explain the observed
discrepancy.
The 31P MAS and static NMR spectra of the polycrystalline

BaAu2P4 sample are shown in Figure 5. The 31P MAS NMR
spectrum (Figure 5a) is characterized by a single resonance
with an isotropic chemical shift of −11.4 ppm, corresponding
to the single crystallographic site of phosphorus in the crystal
structure, as discussed above. This chemical shift is well within
the typical range for 31P chemical shifts reported in the
literature for a wide selection of diamagnetic phosphides and is
therefore indicative of the lack of any significant free-electron
density at P sites in this compound. Indeed, for electron-
balanced Zintl compounds the 31P chemical shift is below +2
ppm.5a,29−32 For compounds with a partially filled conduction
band, that is, metal-like, 31P chemical shifts are much higher.

Figure 3. Five types (a−e) of the ∞
1 (P−) chains found in metal phosphides compared with chains present in ( f) BaAu2P4: top, side, and general view;

additional side view of the chains present in (g) PdP2 and (h) BaAu2P4.

Figure 4. Temperature dependence of the magnetic susceptibility of
BaAu2P4 measured in the DC applied magnetic field of 0.1 T.
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For example in the paramagnetic LaIr2P2,
31P chemical shifts

are +709 ppm and +1160 ppm.33 Such high frequency shifts are
caused by either strong Fermi interactions of the nuclear
magnetic moments with a nonzero delocalized electron density
of unpaired electronic spins or by a Knight shift from
conduction electrons.
Additionally, these kinds of interactions lead to significant

broadening of the MAS NMR signals. Thus, the paramagnetic
transition metal-containing Zintl phase Ca14MnP11 exhibits
quite broad lines with full width at half-maximum (fwhm) of
>200 ppm.34 The observed chemical shift of −11.44 ppm with
a fwhm of 10 ppm (∼2 kHz) confirms the diamagnetic
electron-balanced nature of BaAu2P4. Simulation of the static
31P NMR line shape (Figure 5b) yields a chemical shift
anisotropy of −56 ppm (∼11.3 kHz) and an asymmetry
parameter η of ∼0.1 implying a nearly uniaxial symmetry of the
shielding tensor for the P site. Although not known a priori, the
unique axis of symmetry of the 31P shielding tensor may be
aligned either along the P−Au bond or along the direction of
the electron lone pair on the P atom.
Band structure calculation results obtained by two different

methods were similar. The results of the more accurate method,
FPLO, are shown in Figure 6. According to the calculations,
BaAu2P4 is a narrow band gap semiconductor with Eg = 0.25
eV. In agreement with the assumptions drawn from applying
the Zintl concept, the top of the valence band is composed of
P3p orbitals with small contributions from P3s, Au5d, and Au6s
orbitals. Contributions from the Au5d orbitals dominate the
states in the −2 to −7 eV range. P3s and Au6s contributions are
spread over a wide energy range. Ba orbitals contribute mainly
to the conduction band.
Results of band structure calculations, magnetic and NMR

investigations generally support the conclusion drawn from the
simple yet powerful Zintl concept: BaAu2P4 is a narrow band
gap semiconductor. The Zintl concept was developed for main
group elements and in general it is not suitable to describe
bonding involving d-electrons.26,27 In the BaAu2P4 compound
there is a relatively short Au−Au interatomic separation of 3.22
Å. To verify whether this corresponds to chemical bonding
interaction we have applied ELF analysis (Figure 7).19,35

Three main types of attractors were revealed by ELF analysis:
attractor ① corresponds to two centered P−P interactions
within ∞

1 (P−) chain, attractor ② corresponds to electron lone
pairs located on phosphorus atoms, and attractor ③

corresponds to P−Au interactions. For the latter, the ELF
maximum is shifted toward phosphorus atoms, thus confirming

the assumption about the polarity of the Au−P bond and the
partial charge transfer from gold to phosphorus atoms. Figure
7b shows the ELF distribution around the Au3 fragment in the
crystal structure of BaAu2P4. There is a minimum of ELF
distribution on the line connecting two gold atoms, indicating
an absence of bonding Au−Au interactions in BaAu2P4. A
similar result was observed for the even shorter Au−Au
separation of 2.93 Å in Au2P3 where no bonding maxima were
revealed by ELF (Supporting Information, Figure SI 5).
In various polyanionic gold-containing compounds Au−Au

bonding was analyzed with the help of COHP analysis.18 This
method has limitations for the investigation of multicenter
bonds, but is well-suited for two-center bonding and is able to
estimate net bonding. A large number of different compounds
in the A−Au−M system (A = alkali metal; M = Ga, In, Tl, Sn,
Sb, Bi) were characterized by the Corbett’s and Miller’s
groups.36,37 Most of the group 13 and 14 compounds exhibit
metallic properties, but K2AuSb and K2AuBi are semi-

Figure 5. 31P NMR spectra of BaAu2P4. (a) MAS spectrum with spinning sidebands marked with asterisks; (b) experimental (solid line) and
simulated (dotted line) static spectrum.

Figure 6. Density of states (DOS) diagram for BaAu2P4. In the top
panel the contributions from Ba, Au, and P are shown in green, blue,
and orange, respectively. The bottom panel shows enlarged orbital
contributions of P3s (red), P3p (orange), Au5d (blue), and Au6s
(green) orbitals.
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conductors.37 These compounds are isostructural to K2AuP
(vide supra). In the K2AuSb and K2AuBi band structures, gold
atoms have a significant contribution to the states near the
Fermi level, differentiating them from BaAu2P4 in which the top
of the valence band is composed of phosphorus 3p orbitals
(Figure 6). COHP curves for different types of interactions in
BaAu2P4 are shown in Figure 8 together with the contribution

of each COHP to the total bonding. P−P bonding is mainly
optimized with a small antibonding contribution around the
Fermi level, probably because of the presence of electron lone
pairs. Au−P bonding is also optimized with all bonding states
below the Fermi level and antibonding ones above the Fermi
level. Au−Au bonding holds a small positive net bonding but at
the energies from −5 eV to the Fermi level, the contribution of
Au−Au bonding is close to zero. The net bonding from
−ICOHP are as follows: P−P (∼0.9 eV·cell−1·mol−1), Au−P
(∼1.3 eV·cell−1·mol−1), Au−Au (∼0.16 eV·cell−1·mol−1). This
corresponds to 40%, 55%, and 5% contributions to the bonding
within the polyanionic [Au2P4]

2− layer taking into account the
number of bonds each atom is forming. In general, according to

COHP and ELF analyses Au−Au interactions have minor
contributions to the bonding in BaAu2P4.

■ CONCLUSIONS
The synthesis, chemical features, and physical properties of a
new polyphosphide BaAu2P4 were explored. In the layered
crystal structure, phosphorus polyanionic chains are condensed
into [Au2P4]

2− layers by means of almost linearly coordinated
gold atoms. Such layers are separated by barium atoms, which
are locally coordinated by 14 gold and phosphorus atoms
forming a bicapped hexagonal antiprism around each Ba atom.
BaAu2P4 exhibits semiconducting and diamagnetic behavior as
expected from the Zintl count for this compound,
(Ba2+)(Au+)2(P

−)4.
31P solid state MAS NMR confirms the

presence of a single phosphorus crystallographic site and the
diamagnetic nature of the compound. Static NMR reveals
nearly uniaxial symmetry of the shielding tensor for the P site.
Analyses of the chemical bonding by means of ELF and COHP
indicate strong covalent P−P and Au−P interactions as well as
the presence of electron lone pairs located on the phosphorus
atoms. Au−Au interactions appear to have a minor contribution
to the total bonding in the BaAu2P4. The semiconducting
nature and unique crystal structure suggest the possibility of
interesting thermoelectric properties. Investigations of these
properties for BaAu2P4 are currently underway.
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Paschke, D.; Foecker, A. J.; Jeitschko, W. J. Solid State Chem. 1999,
147, 341−349.
(31) Nissan, R. A.; Vanderah, T. A. J. Phys. Chem. Solids 1989, 50,
347−352.
(32) Wang, J.; Sen, S.; Yu, P.; Browning, N. D.; Kauzlarich, S. M. J.
Solid State Chem. 2010, 183, 2522−2527.
(33) Pfannenschmidt, U.; Behrends, F.; Lincke, H.; Eul, M.; Schaf̈er,
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