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a b s t r a c t

The crystal structure of the Pb4Mn9O20 compound (previously known as ‘‘Pb0.43MnO2.18’’) was solved

from powder X-ray diffraction, electron diffraction, and high resolution electron microscopy data

(S.G. Pnma, a ¼ 13.8888(2) Å, b ¼ 11.2665(2) Å, c ¼ 9.9867(1) Å, RI ¼ 0.016, RP ¼ 0.047). The structure is

based on a 6H (cch)2 close packing of pure oxygen ‘‘h’’-type (O16) layers alternating with mixed ‘‘c’’-type

(Pb4O12) layers. The Mn atoms occupy octahedral interstices formed by the oxygen atoms of the close-

packed layers. The MnO6 octahedra share edges within the layers, whereas the octahedra in neighboring

layers are linked through corner sharing. The relationship with the closely related Pb3Mn7O15 structure

is discussed. Magnetization measurements reveal a peculiar magnetic behavior with a phase transition

at 52 K, a small net magnetization below the transition temperature, and a tendency towards spin

freezing.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Lead-containing transition metal oxides are currently the
subject of intense research because of their peculiar crystal
structure and unusual physical properties. The key feature of
these compounds is the lone pair of the Pb+2 cation. The lone pair
causes local structural distortions that strongly alter the crystal
structures of transition metal oxides, e.g., the perovskite structure
[1–4]. In some cases, polar distortions are observed, and piezo-
or ferroelectric properties emerge. Yet, the presence of a transition
metal cation results in magnetic interactions and magnetic
ordering, leading to a possible coupling of electric polarization
and magnetism. The latter point represents the main motivation
for the recent studies of lead-containing transition metal oxides,
although other unusual electronic phenomena have also been
reported [5,6].

In the Pb–Mn–O system, several compounds have been
isolated and structurally characterized. The Pb2MnO4 oxide
contains infinite chains of edge-sharing MnO6 octahedra and the
Pb cations located between the chains [7]. The Pb3Mn7O15 and
Pb1+xMn8O16 compounds belong to the Mn-rich part of the phase
ll rights reserved.
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diagram. Pb1+xMn8O16 is a tunnel manganite with a hollandite-
type structure [8]. The structure of Pb3Mn7O15 is based on a close-
packed arrangement of pure oxygen and mixed Pb–O layers with
the Mn cations located at the octahedral interstices between the
layers [9–11]. Apart from these compounds, stable at ambient
pressure, a few high pressure perovskite-related phases were
observed: PbMnO3 with a hexagonal 6H perovskite or nearly cubic
3C perovskite [12,13] and ‘‘PbMnO2.75’’ having a structure
obtained from perovskite by periodic fragmentation with parallel
translational interfaces (crystallographic shear planes) [14].

Among these compounds, the ‘‘Pb0.43MnO2.18’’ composition was
also reported as a single phase at ambient pressure, although
neither unit cell parameters nor crystal structure were determined
for this compound [15]. The material shows semiconducting
behavior with activation energies Ea ¼ 0.12 eV (140 KoTo300 K)
and 0.10 eV (300 KoTo500 K) and room temperature conductivity
s(300 K) ¼ 0.13/O cm. In the 300–750 K temperature range, the
magnetic susceptibility follows the Curie–Weiss law with y ¼ �20
K, indicating weak antiferromagnetic correlations.

In this contribution, we determine the true composition of the
‘‘Pb0.43MnO2.18’’ phase to be Pb4Mn9O20 and solve the crystal
structure of this mixed-valence Mn3+/Mn4+ compound. We also
investigate the low-temperature magnetic properties and com-
pare the Pb4Mn9O20 compound with the closely related
Pb3Mn7O15 manganite.

www.elsevier.com/locate/jssc
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Fig. 1. Electron diffraction patterns for Pb4Mn9O20.
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2. Experimental

2.1. Synthesis

The ‘‘Pb0.43MnO2.18’’ phase was obtained by thermal decom-
position of the lead–manganese hexafluoroacetylacetonate
PbMn2(hfac)6 at 600 1C for 72 h in air. The powder X-ray diffraction
pattern of the material was very close to that of ‘‘Pb0.43MnO2.18’’
[15]. A primary electron diffraction (ED) investigation and analysis
of chemical composition were performed, resulting in the unit cell
parameters and the Pb4Mn9O20 composition of this compound.
After this, the Pb4Mn9O20 sample was prepared using a conven-
tional solid state reaction from a mixture of PbO (Aldrich) and
Mn2O3 (Aldrich) with bulk Pb4Mn9O17.5 composition. The initial
oxides were intimately mixed in an agate mortar under acetone,
pressed into a pellet and annealed at 750 1C for 20 h in air. After
annealing, the sample was re-grinded, pressed into a pellet and
annealed again at 750 1C for 20 h in O2 flow. The sample was
finally furnace-cooled in an O2 atmosphere.

2.2. X-ray powder diffraction

X-ray powder diffraction (XRPD) patterns for phase analysis
and Rietveld refinement were taken with a Philips X’pert
diffractometer (CuKa radiation, reflection mode). Structure deter-
mination was performed using the EXPO program [16,17]. The
JANA2000 program package was used for the Rietveld refinement
of the crystal structure [18].

2.3. Transmission electron microscopy

Samples for electron microscopy were prepared by crushing
the powder sample in ethanol and depositing it on a holey carbon
grid. Electron diffraction studies were performed using a Philips
CM20 microscope. For high resolution transmission electron
microscopy (HRTEM) a JEOL 4000EX microscope was used. Energy
dispersive X-ray (EDX) spectra were obtained on the Philips CM20
microscope with an Oxford INCA system. The theoretical HRTEM
images were calculated by means of the MacTempas software.
Electron energy loss spectroscopy (EELS) data were acquired using
a Gatan GIF200 system on a Philips CM30 microscope with an
acceleration voltage of 300 kV and an energy resolution of 0.8 eV.
All spectra were recorded in diffraction mode with a collection
angle of 4.01 mrad and a convergence angle of 1.0 mrad. The
EELSMODEL program [19,20] was used to extract the excitation
edge fine structures from the recorded spectra.

2.4. Magnetic measurements

Magnetization measurements were done using the Quantum
Design MPMS SQUID magnetometer in the temperature range
2–380 K in both field-cooled (FC) and zero-field-cooled (ZFC)
regimes. Magnetization (M) vs. field (H) curves were measured in
the field range 0–5 T after cooling the sample in zero field.

2.5. Electron localization function computation

The electron localization function (ELF) [21] was derived from
the electronic density, as computed in a self-consistent band
structure calculation. The spin-unpolarized calculations were
done using the TB-LMTO-ASA code [22] in local density approx-
imation (LDA). The Barth–Hedin exchange-correlation potential
was employed [23], and a k mesh of 64 points was used. The LDA
energy spectrum of Pb4Mn9O20 is quite typical for the lead-
containing transition metal compounds [3]. The Pb 6s states are
found at about –8 eV, the bands between �7 and �2 eV are
formed by oxygen states, while the states near the Fermi level
have a predominant manganese origin. The energy spectrum is
gapless. However, this result is unlikely to be meaningful, because
LDA is known to produce significant errors for the valence bands
of the transition metal compounds due to the improper treatment
of correlation effects in the localized d shell [6]. These errors are
not crucial for the resulting ELF, since the function depends on the
overall electronic density. Moreover, ELF is known to be rather
insensitive to the accuracy of the band structure calculation and to
the effects of spin polarization [21]. Therefore, the reported spin-
unpolarized LDA calculations are sufficient for the identification
of the lead lone pair. Yet a proper description of the valence bands
is crucial for a discussion of the electronic properties, e.g., metallic
or semiconducting behavior of Pb4Mn9O20. To obtain reliable
information on the electronic structure near the Fermi level and
on the band gap, one has to account for electronic correlations and
to perform more sophisticated calculations that lie beyond the
scope of the present work.
3. Results and discussion

3.1. Lattice parameters and chemical composition

The approximate lattice parameters and space group of
Pb4Mn9O20 were determined using electron diffraction. The ED
patterns of Pb4Mn9O20 along the main zone axes (Fig. 1) can
be indexed using a primitive orthorhombic unit cell with lattice
parameters aE13.9 Å, bE11.3 Å, c E10.0 Å. The reflection
conditions derived from the ED patterns are h k l: no conditions,
0 k l: k+l ¼ 2n, h 0 l: no conditions, h k 0: h ¼ 2n. The appearance
of the h 0 0: ha2n, 0 k 0: ka2n and 0 0 l: la2n reflections on some
ED patterns is due to the occurrence of double diffraction, as
evidenced by their absence on the [100] pattern for the 0 k 0 and
0 0 l reflections, and on the [001] pattern for the h 0 0 reflections.
These reflection conditions correspond to the extinction symbol
Pn_a, with two possible space groups Pn21a and Pnma. The most
symmetric Pnma space group was taken for structure solution.

The XRPD pattern of the Pb4Mn9O20 phase demonstrates close
resemblance to the XRPD pattern of the ‘‘Pb0.43MnO2.18’’ phase
[15], indicating that both compounds are identical. The lattice
parameters determined from the electron diffraction data allow
the complete indexation of the XRPD pattern. The refined values
of the lattice parameters are a ¼ 13.8888(2) Å, b ¼ 11.2665(2) Å,
c ¼ 9.9867(1) Å. The 0 k l, k+l ¼ 2n, h k 0, h ¼ 2n reflection conditions,



ARTICLE IN PRESS

Table 1
Selected parameters from Rietveld refinement for Pb4Mn9O20.

Formula Pb4Mn9O20

Space group Pnma

a (Å) 13.8888(2)

b (Å) 11.2665(2)

c (Å) 9.9867(1)

Z 4

Cell volume (Å3) 1562.70(5)

Calculated density (g/cm3) 6.982

Radiation CuKa, l ¼ 1.54184 Å

2y range, step (deg) 5r2yr110, 0.02

Parameters refined 56

RI, RP, RwP 0.016, 0.047, 0.063
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observed in the XRPD pattern, are in agreement with the space
group Pnma.

The Pb4Mn9O20 composition, derived from the results of the
Rietveld refinement, was confirmed by EDX, EELS and elemental
analyses (wt%, calculated for Pb4Mn9O20: Pb 50.44, Mn 30.09, O
19.47; found: Pb 50.9, Mn 29.9, O 19.5, performed by Maxima
Laboratories Inc., Ontario, Canada). Fifteen EDX spectra taken from
10 different crystallites revealed a Pb:Mn ratio of 32(1):68(1),
which is in good agreement with the nominal Pb:Mn ratio
of 30.8:69.2. The valence of manganese (VMn) was derived from
the EELS spectra, which can be used to determine the valency
of ionic materials in several ways [24–27]. One method that was
shown to give superior results is to measure the distance in
energy onset between the oxygen K edge and the transition metal
L2,3 edge of oxides as was shown for niobium oxides by Bach et al.
[28]. Recently we reported a linear dependence of the Mn valence
on the measured energy distances (DE) between the oxygen K
edge and the manganese L2,3 edge as follows:

DE ¼ aþ b � VMn

with a ¼ 104.10870.195 eV and b ¼ 2.23870.063 eV [29]. We
adopt this method here and use the same experimental condition
and data analysis to determine the Mn valence. From the analysis
of about 200 spectra it was found that the edge onset difference of
oxygen K and manganese L2,3 edges of Pb4Mn9O20 is 111.89(6) eV
(Fig. 2). From the above formula, the Mn valence was calculated as
VMn ¼ +3.48(3). It correlates well with the VMn ¼ +3.55 obtained
for the nominal composition. The slightly smaller measured VMn

can be attributed to the presence of oxygen vacancies, according
to a Pb4Mn9O19.66 composition.

3.2. Structure solution

Direct methods based on integrated intensities extracted with
a Le Bail fit were applied to the structure solution that resulted in
the atomic coordinates of the Pb atoms. The coordinates of the Mn
and O atoms were found using difference Fourier maps. In order to
reduce correlations, the atomic positions were grouped accord-
ing to their chemical type and refined with a common atomic
displacement parameter (ADP) for each group. The refinement
converged smoothly and revealed an excellent agreement
Fig. 2. The excitation edge fine structures of oxygen K-edge and manganese L2,3-

edge from Pb4Mn9O20 after deconvolution of multiple scattering and background

subtraction.
between the experimental and calculated XRPD profiles (RI ¼

0.016, RP ¼ 0.047). In order to check the possible presence of
oxygen vacancies, the occupancy factors of the oxygen positions
were refined. For all sites, except O(2), O(7), and O(12), the
occupancy factors were very close to unity. The refined occupancy
factors for the O(2), O(7), and O(12) positions are g(O(2)) ¼
0.94(2), g(O(7)) ¼ 0.96(2), g(O(12)) ¼ 0.94(2), corresponding to a
Pb4Mn9O19.68 composition, in good agreement with VMn ¼ +3.48
found by the EELS analysis. However, one should note that the
refinement of the occupancies of the oxygen positions did not lead
to any improvement of the fit or to a decrease of the reliability
factors. It should be taken into account that a refinement of the
occupancies of oxygen positions in the presence of heavy
scatterers (such as Pb) cannot be done accurately using XRPD
data. Thus, the final refinement was performed with full
occupancies, leaving the question of the exact amount and
location of the oxygen vacancies for a neutron diffraction
experiment. The crystallographic data and atomic coordinates of
Pb4Mn9O20 are summarized in Tables 1 and 2. The relevant
interatomic distances are listed in Table 3. Experimental,
calculated, and difference XRPD profiles are shown in Fig. 3.

The crystal structure was confirmed by high resolution
transmission electron microscopy. A representative HRTEM image
is shown in Fig. 4. A calculated image using the structural data
from Table 2 is also shown, outlined by a white border on the
experimental image. The image is calculated at a focus value
Table 2
Positional and atomic displacement parameters for Pb4Mn9O20.

Atom Position x/a y/b z/c Uiso (Å2)

Pb(1) 4c 0.9391(1) 1/4 0.7132(2) 0.0212(3)

Pb(2) 4c 0.1074(1) 3/4 0.9221(2) 0.0212(3)

Pb(3) 8d 0.07627(8) 0.9329(1) 0.6400(1) 0.0212(3)

Mn(1) 4c 0.3274(5) 3/4 0.1647(6) 0.0132(6)

Mn(2) 8d 0.8211(3) 0.6204(4) 0.0870(4) 0.0132(6)

Mn(3) 8d 0.6631(3) 0.3838(4) 0.0825(4) 0.0132(6)

Mn(4) 4c 0.6682(4) 1/4 0.3304(6) 0.0132(6)

Mn(5) 8d 0.1716(3) 0.5093(4) 0.1730(4) 0.0132(6)

Mn(6) 4a 0 0 0 0.0132(6)

O(1) 8d 0.097(1) 0.374(1) 0.082(1) 0.016(1)

O(2) 8d 0.083(1) 0.0620(1) 0.106(1) 0.016(1)

O(3) 8d 0.9119(9) 0.505(1) 0.147(1) 0.016(1)

O(4) 4c 0.597(1) 1/4 0.173(2) 0.016(1)

O(5) 8d 0.5932(9) 0.506(1) 0.162(1) 0.016(1)

O(6) 4c 0.396(1) 3/4 0.325(2) 0.016(1)

O(7) 8d 0.909(1) 0.638(1) 0.424(1) 0.016(1)

O(8) 4c 0.265(1) 3/4 0.003(2) 0.016(1)

O(9) 4c 0.242(1) 1/4 0.004(2) 0.016(1)

O(10) 8d 0.752(1) 0.868(1) 0.242(1) 0.016(1)

O(11) 8d 0.247(1) 0.495(1) 0.004(1) 0.016(1)

O(12) 8d 0.235(1) 0.377(1) 0.255(1) 0.016(1)
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of f ¼ �350 Å and a thickness t ¼ 30 Å, and shows excellent
agreement with the experimental one. On this simulation, the
dark areas correspond to the projection of the lead atom columns,
and the bright areas to the projection of the oxygen columns.

3.3. Structure discussion

The crystal structure of Pb4Mn9O20 is shown in Fig. 5a. From
the [010] projection (Fig. 5b), it becomes clear that the structure
Table 3
Selected interatomic distances for Pb4Mn9O20.

Pb(1)–O(2) 2.343(13)�2 Mn(3)–O(4) 1.980(13)�1

Pb(1)–O(5) 2.828(13)�2 Mn(3)–O(5) 1.864(14)�1

Pb(1)–O(6) 2.555(19)�1 Mn(3)–O(7) 1.884(14)�1

Pb(1)–O(7) 2.819(14)�2 Mn(3)–O(8) 1.998(14)�1

Pb(1)–O(10) 2.981(14)�2 Mn(3)–O(11) 2.035(14)�1

Mn(3)–O(12) 1.906(16)�1

Pb(2)–O(2) 2.372(13)�2 BVS ¼ 3.84

Pb(2)–O(3) 2.965(13)�2 Dd ¼ 6.3�10�3

Pb(2)–O(8) 2.334(19)�1

Mn(4)–O(1) 1.920(15)�2

Pb(3)–O(3) 2.284(13)�1 Mn(4)–O(4) 1.86(2)�1

Pb(3)–O(5) 2.504(13)�1 Mn(4)–O(9) 1.95(2)�1

Pb(3)–O(7) 2.402(13)�1 Mn(4)–O(12) 1.904(16)�2

Pb(3)–O(11) 2.887(14)�1 BVS ¼ 3.94

Pb(3)–O(12) 2.933(14)�1 Dd ¼ 1.2�10�3

Mn(1)–O(6) 1.86(2)�1 Mn(5)–O(1) 2.059(14)�1

Mn(1)–O(7) 1.920(14)�2 Mn(5)–O(2) 1.879(14)�1

Mn(1)–O(8) 1.83(2)�1 Mn(5)–O(5) 1.978(14)�1

Mn(1)–O(10) 1.928(16)�2 Mn(5)–O(10) 1.969(15)�1

BVS ¼ 4.08 Mn(5)–O(11) 1.997(15)�1

Dd ¼ 2.5�10�3 Mn(5)–O(12) 1.913(16)�1

BVS ¼ 3.42

Mn(2)–O(1) 2.033(14)�1 Dd ¼ 5.2�10�3

Mn(2)–O(3) 1.909(14)�1

Mn(2)–O(6) 1.992(14)�1 Mn(6)–O(1) 2.124(14)�2

Mn(2)–O(9) 1.932(14)�1 Mn(6)–O(2) 2.069(13)�2

Mn(2)–O(10) 1.831(15)�1 Mn(6)–O(3) 1.911(13)�2

Mn(2)–O(11) 1.852(14)�1 BVS ¼ 2.95

BVS ¼ 3.84 Dd ¼ 11.8�10�3

Dd ¼ 8.3�10�3

Fig. 3. Experimental, calculated and diffe

Fi
Th

do
is based on a 6H (cch)2 sequence of close-packed layers formed
either by oxygen atoms or by the Pb and O atoms together
and alternating along the a axis. The Mn atoms occupy octahedral
interstices between the close-packed layers (Figs. 5b, c).
Only those interstices formed exclusively by oxygen atoms are
occupied.

The structure of the mixed Pb–O layers can be derived from
the structure of a conventional oxygen close-packed layer by a
replacement of groups of four neighboring oxygen atoms with
four Pb atoms (see Fig. 6a), so that the layer acquires the (Pb4O12)
composition. These layers are always of the ‘‘c’’-type, whereas
pure oxygen (O16) layers (Fig. 6b) are of the ‘‘h’’-type. Thus
the layer sequence can be written as (Pb4O12)c–(Pb4O12)c–
(O16)h–(Pb4O12)c–(Pb4O12)c–(O16)h. Four Pb atoms in the (Pb4O12)
layers form rhombus-like groups. Due to displacement of the Pb
atoms from their ideal positions in the close-packed layers, these
rence XRPD pattens for Pb4Mn9O20.

g. 4. Experimental and calculated (in white border) HRTEM image of Pb4Mn9O20.

e size of one unit cell is indicated on the simulation by a black rectangle. White

ts indicate the positions of the Pb columns.
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Fig. 5. The crystal structure of Pb4Mn9O20: (a) 3D view; (b) [010] projection; (c) [001] projection. The Pb atoms are shown as spheres; the Mn atoms are situated inside the

octahedra. The sequence of close-packed layers is shown.

Fig. 6. The structure of the (Pb4O12) (a) and (O16) (b) close-packed layers.

Fig. 7. Filling of the octahedral interstices located between the (Pb4O12) and (O16)

layers (a) and between the adjacent (Pb4O12) layers (b). The Pb atoms are shown as

spheres; the Mn atoms are situated inside the octahedra. Part (a) also shows ELF

isosurface for Z ¼ 0.75.
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rhombi have a longer diagonal aligned along the c axis. The
rhombi form a quasi-1D sequence along the c axis, breaking
the close-packed layers into oxygen and lead bands, alternating
along the b axis. The bands of the Pb rhombi in the two adjacent
(Pb4O12) layers are displaced with respect to each other by 1/4b;
this severely restricts the amount of octahedral interstices
available for the Mn atoms between these layers. There are eight
MnO6 octahedra between the (Pb4O12) and (O16) layers (Fig. 7a),
and two MnO6 octahedra per unit cell between the adjacent
(Pb4O12) layers (Fig. 7b), resulting in a Mn8–(Pb4O12)c–Mn2–
(Pb4O12)c–Mn8–(O16)h–Mn8–(Pb4O12)c–Mn2–(Pb4O12)c–Mn8–
(O16)h ¼ Pb16Mn36O80 ¼ 4� Pb4Mn9O20 composition. The MnO6

octahedra between the (Pb4O12) and (O16) layers are combined by
edge sharing into quasi-1D tapes. The MnO6 octahedra in
neighboring layers are connected exclusively by corner sharing.
The latter is typical for ‘‘c’’-type close-packed layers, whereas
face-sharing could be expected for the ‘‘h’’-type layers. However,
the face-sharing arrangement is not realized in the Pb4Mn9O20
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Fig. 8. Temperature dependence of the magnetic susceptibility measured in the

applied field m0H ¼ 0.5 and 3 T in both field-cooled (FC) and zero-field-cooled

(ZFC) regimes. The inset shows the inverse susceptibility and the fit with the

Curie–Weiss law.

A.M. Abakumov et al. / Journal of Solid State Chemistry 182 (2009) 2231–22382236
structure due to a mutual displacement of the (Pb4O12) layers above
and below the ‘‘h’’-type (O16) layer that makes only one of two face-
sharing octahedral interstices available for the Mn atoms.

The octahedral oxygen environment of the Mn atoms demon-
strate different degrees of distortion, which can be evaluated
using an octahedral distortion parameter Dd [30]:

Dd ¼
1

6

� � X
n¼1�6

½ðdn � dÞ=d�2

where dn is the individual Mn–O distances and d is the average
/Mn–OS distance (see Table 3). The weakest distortion (Dd ¼

1.2–2.5�10�3) is observed for the Mn(1) and Mn(4) atoms. At the
same time, the bond valence sum (BVS) for these atoms are very
close to 4. The Mn(6)O6 octahedron demonstrates the largest
distortion (Dd ¼ 11.8�10�3) with two long Mn(6)–O(1) distances
of 2.12 Å, two short Mn(6)–O(3) distances of 1.91 Å and two
intermediate Mn(6)–O(2) distances of 2.07 Å. Such a coordination
is typical for the Mn+3 cations with an intrinsic Jahn–Teller
distortion. Indeed, the BVS for the Mn(6) cation is close to 3. The
Mn(2), Mn(3), and Mn(5) sites show an intermediate degree
of octahedral distortion, as well as BVS values between 3 and 4.
The geometry of the octahedral coordination of the Mn atoms
indicates that at least partial charge ordering can take place; this
could be expected keeping in mind the formal Mn valence close
to +3.5.

The coordination environment of the Pb atoms is virtually
identical for all three positions and consists of three short Pb–O
distances with two oxygen atoms from the same (Pb4O12) layer
and with one oxygen atom from the neighboring (O16) layer. Such
coordination environment is typical for Pb2+ cations and can be
found, for example, in the room temperature form of Pb3O4 [31],
several Pb2MO4 oxides (M ¼Mn4+, Sn4+, Pt4+) [7,32,33], and the
(Sb1�xPbx)2(Mn1�ySby)O4 solid solutions [34]. The three-fold
coordination environment is completed to a tetrahedron by a
localized 6s2 lone electron pair of Pb+2. The localization of the
lone pairs is evident from the ELF plot in Fig. 7a. The lone pairs
of the neighboring lead atoms ‘‘condense’’ and form non-bonding
regions within the structure, similar to other Pb+2-containing
oxides [7,31,34].

The Pb4Mn9O20 structure is closely related to the structure
of the Pb3M7O15 (M ¼Mn, Rh) compounds [9,10,35]. This is also
based on a close-packed arrangement of pure oxygen and mixed
Pb–O layers. The Pb3M7O15 structures can be derived from the 2H
(hh) close packing by replacing every third (O12) layer with the
(Pb6O6) layer. In both Pb4Mn9O20 and Pb3M7O15 structures, the M

atoms occupy the octahedral interstices formed exclusively by
oxygen atoms. The remaining oxygen atoms in the (Pb6O6) layers
form a common triangular face of two face-sharing MnO6

octahedra, so that in Pb3M7O15 such octahedra share common
vertices, edges, and faces, whereas in Pb4Mn9O20 the face-sharing
arrangement is absent.
3.4. Magnetic properties

The magnetic susceptibility of Pb4Mn9O20 was measured
in different applied fields. A number of representative curves are
shown in Fig. 8. Above 80 K, Pb4Mn9O20 reveals paramagnetic
behavior. The susceptibility follows the Curie–Weiss law w ¼
w0+C/(T–y) with a Curie constant C ¼ 1.796(5) emu K/(mol Mn), a
Weiss temperature y ¼ 37.7(2) K, and a temperature-independent
contribution w0 ¼ –1.4(2)�10–4 emu/mol. The Curie constant
corresponds to an effective moment meff ¼ 3.79mB per Mn atom,
while the positive Weiss temperature implies predominant
ferromagnetic interactions. The effective moment is roughly
equal to the expected spin-only value for Mn+4 (S ¼ 3/2,
meff ¼ 3.87mB), while the combination of Mn+3 and Mn+4 with an
average oxidation state of +3.5 should lead to a higher meff of
4.42mB. The underestimate of the effective moment can indicate
an incomplete electronic localization in Pb4Mn9O20, although
other reasons (e.g., spin–orbit coupling) may be relevant as well.
The positive Weiss temperature contrasts with the negative value
of y ¼ �20 K, reported by Latourette et al. [15]. This discrepancy
may be explained by the different sample composition (Latourette
et al. [15] considered Pb4Mn2O20 to be an oxidized form of
Pb3Mn7O15, although the Pb:Mn ratio is in fact different) or by the
different temperature range used for the fitting.

Below 80 K, the low-field susceptibility (collected at m0H ¼ 0.5
T) shows a positive deviation from the Curie–Weiss law, indicating
the onset of ferromagnetic correlations. There is a kink at Tt�52 K,
where the slope of the curve is changed, and a slight divergence of
the field-cooled and zero-field-cooled curves appears. This kink is
not related to the change of the step in the data collection,
because the kink is seen both in the FC and ZFC data. The latter
(filled circles in Fig. 8) were collected with the constant step of
0.6 K in the temperature range from 45 to 60 K. The divergence
also appears at higher fields (m0H ¼ 3 T), although the kink is
suppressed, and the susceptibility values get smaller, as compared
to the low-field measurements. Below Tt, there is a further
increase of the susceptibility. If the applied field is high (m0H ¼ 3 T),
the low-temperature behavior is rather simple: the FC suscept-
ibility becomes temperature-independent below 25 K, while the
ZFC one slightly decreases. This corresponds to the regular spin-
glass behavior. However, the low-field measurements reveal more
complex features. Both the FC and ZFC curves show a maximum
at 25–30 K and a sharp drop of the susceptibility below the
maximum along with the enhanced divergence of the two curves.
Additionally, there is a clear anomaly in the ZFC curve at 11–12 K.

Field dependence of the magnetization follows the basic
features of the susceptibility data. The M vs. H curves become
non-linear below 80 K, while the curves measured below Tt show
a hysteresis (Fig. 9). The hysteresis is hardly seen at 40 K, but at
lower temperatures it appeares more pronounced and points to
the formation of an uncompensated magnetic moment. The value
of the saturation magnetization (Ms) is rather small and amounts
to about 0.5mB per Mn atom.

The phenomenological interpretation of the magnetization
data is rather straight-forward. Pb4Mn9O20 reveals ferromagnetic
correlations that manifest themselves below 80 K and fit the
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Fig. 9. Magnetization curves collected at 2 and 40 K.
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positive Weiss temperature. The anomaly at Tt �52 K likely
corresponds to the onset of the long-range ordering. However,
this ordering is not entirely ferromagnetic, because Ms is well
below the expected values of 3mB for Mn+4 (S ¼ 3/2) or 4mB for
Mn+3 (S ¼ 2). The small net magnetization of antiferromagnets is
usually caused by a spin canting due to Dzyaloshinsky–Moriya
interactions (for example, LaMn7O12 shows canted antiferromag-
netic ordering with Ms of about 0.3mB [36]). Still, the saturation
magnetization of Pb4Mn9O20 is rather high and may also indicate
a ferrimagnetic ground state. Note that the antiferromagnetic
interactions and ferrimagnetic or canted antiferromagnetic order-
ing do not contradict the positive Weiss temperature, because the
latter is a linear combination of all the exchange couplings in the
system under investigation. Antiferromagnetic interactions may
lead to an antiferromagnetic ground state even in the case when
ferromagnetic interactions dominate.

The low-temperature magnetic behavior of Pb4Mn9O20 is more
difficult to understand. The divergence of the FC and ZFC curves
usually implies the formation of a spin glass. Thus, there is a
tendency towards spin freezing at low temperatures, although the
system does not behave as a regular spin glass, and the clear
magnetization hysteresis is observed even at 2 K (see Fig. 9).
Moreover, the low-field data reveal additional transitions (or, at
least, changes) at 10–25 K. These changes may be associated with
spin reorientation, as it was recently suggested for Pb3Mn7O15

[10].
Unfortunately, a microscopic interpretation of the observed

magnetic properties seems hardly possible. The crystal structure
of Pb4Mn9O20 is complex, while the mixed-valence state of
manganese suggests the presence of charge degrees of freedom
along with spin and orbital effects. From a very general point of
view, the interplay of ferromagnetic and antiferromagnetic
interactions in Pb4Mn9O20 is not surprising due to the numerous
inequivalent exchange pathways and the possibility of a double
exchange. These features usually lead to intrinsic frustration and
to spin-glass behavior (or at least partial spin freezing) of mixed-
valence manganites. Similar behavior is observed in Pb4Mn9O20

and looks natural, although the low-temperature details remain
unclear. Further understanding of the magnetic properties requires
a careful low-temperature structural study and the identification
of the valence states for individual manganese positions.

The obtained experimental data point to both similarities
and differences in the magnetic behavior of Pb4Mn9O20 and
Pb3Mn7O15. These two compounds have related crystal structures
and similar mixed-valence state of manganese (at least, with
respect to the average oxidation state). Both materials show
a net magnetization at low temperatures, although the values of
uncompensated moment are somewhat different (0.5 and 0.13mB

for Pb4Mn9O20 and Pb3Mn7O15 [10], respectively). Moreover, the
overall energy scale for exchange interactions is also different. In
the case of Pb3Mn7O15, y ¼ �520 K, while the Weiss temperature
of Pb4Mn9O20 amounts to 38 K and has the opposite sign. Thus,
the structural changes associated with variation in the Pb:Mn
ratio bear strong influence on the magnetic properties. Both
compounds show intricate (and somewhat similar) low-tempera-
ture behavior that requires further structural and physical studies.
4. Conclusions

The Pb4Mn9O20 compound, known earlier as ‘‘Pb0.43MnO2.18’’,
was synthesized by thermal decomposition of heterometallic
lead–manganese b-diketonate and by solid state reaction. Its
structure is based on a 6 H (cch)2 close packing of the ‘‘h’’-type
(O16) layers alternating with the ‘‘c’’-type (Pb4O12) layers. The Mn
atoms are located at the octahedral interstices formed by
the oxygen atoms of the close-packed layers resulting
in a Mn8–(Pb4O12)c–Mn2–(Pb4O12)c–Mn8–(O16)h–Mn8–(Pb4O12)c–
Mn2–(Pb4O12)c–Mn8–(O16)h layer sequence. The MnO6 octahedra
share edges within the layers, whereas the octahedra in
neighboring layers are linked through corner sharing. The analysis
of the octahedral distortion reveals partial ordering of the Mn+3

and Mn+4 cations. The Pb4Mn9O20 structure is closely related to
the structure of Pb3Mn7O15, which is based on a 2H (hh) close
packing with an alternation of two (O12) layer and one (Pb6O6)
layer. Pb4Mn9O20 demonstrates paramagnetic behavior down to
T ¼ 52 K and a complex magnetic behavior below the transition
temperature with a tendency to a spin-glass-like state.
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