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The results of X-ray diffraction (XRD) structural investigations of PbsMn;0;5 crystals carried out for a
wide temperature range including the room temperature are presented. It has been observed for the
first time that with increasing temperature the PbsMn;0;5 crystals transform from the orthorhombic
(Pnma space group) to the hexagonal (P63/mcm space group) structure. The results of the thermal
analysis have revealed two sharp peaks in the temperature dependence correlating with the XRD data.
According to the results of the group-theoretical analysis, the PbsMn,045 symmetry transformation can

M;(12-4

be described as P65/mcm o0 'Pnma.
1,0,0)

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Having reviewed the existing works devoted to the structure
of PbsMn;O;s5, we faced with contradictory data reported.
In particular, Darriet et al. [1] described the structure of
PbsMn;0;5 as orthorhombic noncentrosymmetrical with the
Cmc2 space group. Then, March et al. [2] defined the symmetry
of this material as centrosymmetrical Cmcm. Later, the structure
was refined by Le Page et al. [3] who showed that using the
hexagonal P6s/mcm space group considerably improved the
structural parameters. The P63/mcm symmetry was confirmed
in [4] on both powder and single-crystal samples by XRD studies.
The authors investigated the native mineral Zenzenite with the
general formula Pb;(Fe>+Mn3*),Mn3*0;5 indexed in the hexa-
gonal structure. In the mentioned studies, all the measurements
were performed at room temperature.

Our interest to PbsMn;0;5 as a compound containing man-
ganese ions of different valence is caused by the following. The
well-known perovskite-like manganites, which still have been
intensively studied, allow variation of the ratio between the
manganese ions with different valence by substitution, thus
changing fundamentally the magnetic and electrical properties
of the materials. These compounds are characterized by such
interesting properties as charge and orbital ordering, metal-
dielectric transition, colossal magnetoresistance, coexistence of
the magnetic phases with competing ferro- and antiferromagnetic
interactions, magnetic phase stratification, etc. A structural
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feature of the perovskite-like manganites is the presence of layers
that contain manganese ions located in oxygen octahedral vertex
connected, which is one of the grounds for the formation of a rich
variety of the mentioned properties.

Some recent studies deal with the manganese-bearing com-
pounds where manganese layers contain manganese ions of
different valence, like in perovskites, but the oxygen octahedra
are connected at their edge-sharing, as in PbsMnsV,046 [5],
BaMn;Og [6], etc [7-9]. The material of our interest, PbsMn;01s,
belongs to such compounds. The lead-bearing compounds are
also of interest since stereoactive Pb®* jons with a 6 s? lone pair
may provide the conditions for the occurrence of local dipoles in
the system and, consequently, the formation of ferroelectric and
antiferroelectric states [10]. The presence of the transition metal
ions Mn in PbsMn;045 as a source of possible magnetic interac-
tions and magnetic ordering and the local structural distortions
can cause coupling between electric polarization and magnetism.

In the previous works [11-13], we reported the magnetic,
dielectric, and calorimetric properties of the PbsMn;0.5 single
crystals grown by spontaneous crystallization from solution in melt.
We discovered anomalies in the temperature dependence of mag-
netization at T;=160K, T,=70K, and T5=20K [11], which were
in good agreement with anomalies in the temperature depen-
dence of specific heat [12]. The temperature dependences of ¢ and
¢’ revealed the sharp peaks strongly dependent on frequency
and lying within 150-210K [13]. The data obtained were inter-
preted basing on the hexagonal P63/mcm space group with the
lattice parameters a=10.0287(4)A and c=13.6137(6)A at room
temperature.

Despite the extensive investigations, many unclear points have
still remained, including the problem of the effect of structural
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distortions on the magnetic and other properties of PbsMn,0s.
The exact structure of this compound and the origin of local
distortions have to be established.

The results of recent structural studies of our samples by the
high-resolution synchrotron XRD technique in the temperature
range 15-295 K were reported in [14]. The obtained structure is
unambiguously orthorhombic with the Pnma space group over
the entire temperature range. Using thermogravimetry (TG), we
established that the oxygen content in the samples slightly
differed from the stoichiometric PbsMn,;0;5 composition and
equals to 14.93 + 0.05 [14].

In this study, we present XRD structural investigations of the
Pb3sMn;0;5 crystals in a wide temperature range below and above
room temperature. For the first time, we report the temperature
dependences of the thermal expansion coefficient and the differ-
ential scanning calorimetry (DSC) data. To describe the structural
transformations leading to the phase transition at high tempera-
tures, we applied the group-theoretical methods and showed that
the symmetry transformation in the PbsMn,0;5 crystals corre-

M; (12—-4)

sponds to the scheme P63/mcm m Pnma.
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2. Experimental details

Single crystals were grown by the flux method. As a flux, PbO
was chosen, known as an effective solvent for many oxide com-
pounds allowing to avoid incorporation of foreign ions into the
lattice. Synthesis of the PbsMn;0;5 crystals started with heating of
a mixture of appropriate amounts of high-purity PbO and Mn,05 in
a platinum crucible at 1000 °C for 4 h. Then, the crucible was slowly
cooled to 900° with a rate of 2-5°/h; afterwards, the furnace was
cooled to room temperature. The single crystals of a plate-hexago-
nal form with black shiny surfaces were found at a level of a
solidified liquid surface. The plates were up to 40 mm in diameter.
The grown crystals were extracted from the flux mechanically.

Single crystal X-ray diffraction data on PbsMn;O;5 were
collected using diffractometer SMART APEX II (Bruker) with CCD
detector. However interpretation of these data was very compli-
cated because of several twin components in crystal. So we
decided to solve structure from powder diffraction data. Powder
X-ray diffraction (PXRD) data on PbsMn;0;5 were collected using
a PANalytical X'Pert PRO diffractometer equipped with a PIXcel
solid state detector and a secondary graphite monochromator
(Cu Ko« radiation). High-temperature measurements were per-
formed using an Anton Paar HTK1200 camera with sample
rotation and automated alignment. The full-profile analysis of
the crystal structure was carried out applying the Rietveld
formalism [15] and the derivative difference minimization
(DDM) refinement method [16]. The measurements were per-
formed within the temperature range 298-1100 K.

Low-temperature XRD data for a single-crystal plate were
collected on a DRON-2 diffractometer (Cu Ko radiation).

The synchronous thermal analysis of the PbsMn;0,5 samples
was performed with a STA 449C Jupiter TG/DSC device (NETZCH).
A sample with a mass of 36.583 mg was placed in a standard
platinum DSC crucible 6.8 mm in diameter and 5 mm height with
a cover. Flow (35 ml/min) atmosphere consisting of 80% of pure
argon and 20% of oxygen was used. The sample was heated to
1073 K and cooled to room temperature with a rate of 10 K/min.

The coefficient of thermal expansion was measured with
a DIL-402C dilatometer (NETZSCH) in the temperature range
140-750K in a dynamic mode with a heating rate of 3 K/min.
Fused-quartz etalons were used for calibration and account for
expansion of the measuring system. The plate sample with a
thickness of 0.81 mm was measured along and across the plate.

3. Results

The crystal structure model of PbsMn;0;5 at 298 K was taken
from Ref. [14] and confirmed by the refinement. The crystallographic
data are summarized in Tables 1-4. The observed and calculated
PXRD patterns after the crystal structure refinement are shown in
Fig. 1a. According to the results of the high-temperature measure-
ments, above 408 K the orthorhombic (pseudohexagonal) lattice of
PbsMn,0;5 was transformed to an intermediate hexagonal lattice
analogous to that of Zenzenite Pbs(Fe,Mn);Mn30;5 [4]. Almost all the
observed reflections were consistent with the hexagonal symmetry,
except for some small peaks that could not be definitely assigned.
Observed extra-peaks may correspond to an incommensurate mod-
ulation, which will be a matter of further research. The intermediate
modulated structure was reversibly stabilized at heating/cooling
between 391 and 562 K in agreement with the observed effects on
the DSC curves (Fig. 2). Above 562 K, the additional peaks disap-
peared and the PXRD pattern was fully consistent with the hexagonal
P63/mcm symmetry. The high-temperature crystal structure of

Table 1
Crystal data for PbsMn;0;s.

Temperature (K) 298 573 1073
Crystal system Orthorhombic Hexagonal Hexagonal
Space group Pnma P63/mcm P63/mcm
z 8 4 4
Cell parameters
a(A) 13.5939(1) 10.0337(1) 10.0939(1)
b (A) 17.3027(5) 10.0337(1) 10.0939(1)
c(A) 10.0305(1) 13.6288(2) 13.6896(1)
Volume (A3) 2359.28(7) 1188.25(2) 1207.93(2)
R-DDM (%) 7.39 9.26 6.95
Reragg (%) 2.83 2.96 2.31

Table 2

Atomic coordinates and isotropic displacement parameters for PbsMn;0;5s at 298 K.

Atom Site X y z Usso ( AZ)
Pbyq 4c 0.2415(2) 1/4 0.8559(2) 0.026(1)
Pbi, 8d 0.2508(1) 0.0561(1) 0.4399(2) 0.023(1)
Pby, 4c 0.2294(1) 1/4 0.5099(2) 0.026(1)
Pby, 8d 0.2426(1) 0.11865(8) 0.1114(1) 0.023(1)
Mny,; 8d —0.0022(5) 0.0818(3) 0.257(1) 0.022(1)
Mn;, 8d 0.4901(4) 0.3355(4) 0.9906(8) 0.019(2)
Mn;3 8d —0.0090(3) 0.1659(4) 0.0021(8) 0.017(2)
Mny, 8d 0.6420(3) 0.4159(4) 0.7517(7) 0.012(2)
Mnj; 8d 0.8488(3) 0.0831(4) 0.7585(8) 0.012(2)
Mns; 4c —0.0129(6) 1/4 0.759(1) 0.012(2)
Mns;, 4a 0 0 0 0.017(2)
Mns3 4b 0 0 1/2 0.018(2)
Mny, 4c —0.0086(6) 1/4 0.254(1) 0.016(2)
014 8d 0.582(1) 0.508(1) 0.686(3) 0.026(2)
(OJPY 8d 0.916(1) 0.993(1) 0.645(2) 0.026(2)
O3 8d 0.579(2) 0.414(1) 0.910(2) 0.026(2)
O14 8d 0.918(2) 0.084(1) 0.923(3) 0.026(2)
055 8d 0.564(2) 0.325(1) 0.656(2) 0.026(2)
O6 8d 0.907(1) 0.166(1) 0.674(2) 0.026(2)
024 8d 0.257(1) 0.013(1) 0.657(2) 0.011(2)
022 8d 0.232(1) 0.160(1) 0.682(2) 0.011(2)
033 8d 0.253(2) 0.072(1) 0.892(2) 0.011(2)
034 4c 0.076(2) 1/4 0.110(3) 0.043(3)
03, 4c 0.408(2) 1/4 0.089(4) 0.043(3)
Os3 8d 0.580(2) 0.667(1) 0.676(3) 0.043(3)
O34 8d 0.933(2) 0.833(1) 0.665(3) 0.043(3)
O4 4c 0.415(2) 1/4 0.575(3) 0.021(3)
O42 4c 0.064(2) 1/4 0.585(3) 0.021(3)
043 8d 0.931(1) 0.585(1) 0.911(2) 0.021(3)
O44 8d 0.581(1) 0.918(1) 0.935(2) 0.021(3)
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Table 3
Atomic coordinates and isotropic displacement parameters for PbsMn;0,5 at
573 K.

Atom Site X y z Usso (A2)
Pb, 6g 0.6124(1) 0.6124(1) 3/4 0.064(2)
Pb, 6g 0.2642(1) 0.2642(1) 3/4 0.064(2)
Mn, 12i 0.8311(2) 0.1689(2) 1/2 0.043(2)
Mn, 8h 1/3 2/3 0.1474(2) 0.039(3)
Mn; 6f 1/2 1/2 1/2 0.027(3)
Mny 2b 0 0 0 0.051(3)
04 241 0.4918(7) 0.3288(9) 0.0806(5) 0.046(3)
0, 12j 0.529(1) 0.179(1) 1/4 0.032(4)
03 12k 0.158(1) 0.158(1) 0.0791(6) 0.052(4)
04 12k 0.665(1) 0.665(1) 0.0730(8) 0.036(4)
Table 4

Atomic coordinates and isotropic displacement parameters for PbsMn;0,s at
1073 K.

Atom Site X y z Usso (A2)
Pb, 6g 0.6128(1) 0.6128(1) 3/4 0.096(1)
Pb, 6g 0.26286(9) 0.26286(9) 3/4 0.095(1)
Mn, 12i 0.8314(1) 0.1686(1) 1/2 0.056(2)
Mn, 8h 1/3 2/3 0.1468(2) 0.059(2)
Mnjs 6f 1/2 1/2 1/2 0.044(2)
Mny 2b 0 0 0 0.065(4)
0, 241 0.4949(5) 0.3305(6) 0.0811(3) 0.056(2)
0, 12j 0.5261(8) 0.1797(8) 1/4 0.044(3)
03 12k 0.1621(7) 0.1621(7) 0.0791(4) 0.070(3)
04 12k 0.6644(7) 0.6644(7) 0.0715(5) 0.048(3)

PbsMn,0;5 at 573 and 1073 K was refined using the structure of
Zenzenite as an initial model. The results are listed in Tables 1, 3, and
4 and shown in Fig. 1b. In the numerical notation of atoms the first
digit corresponds to the related sites in the orthorhombic and the
hexagonal structures.

Fig. 3 demonstrates the temperature dependences of lattice
parameter a obtained by us and the synchrotron XRD data [14].
The synchrotron data curve is smooth, whereas the curve obtained in
a more thorough XRD (DRON-2) experiment on a single-crystal plate
sample in narrower temperature range 130-250K revealed two
special features (Fig. 3) corresponding to the temperatures of possible
phase transitions [12]. In addition, we measured the thermal expan-
sion coefficient o in this temperature range. The temperature
dependences of o along and across the plate are presented in
Fig. 4a and b. The sharp peaks of the coefficient of thermal expansion
(Fig. 4) are revealed at the temperatures different from features of the
temperature dependences of lattice parameter a (Fig. 3). We still fail
to explain this fact.

In our previous study [12] where we reported the calorimetric
results, there was a pronounced magnetic lambda-peak at 140-150 K
that we explained by the occurrence of the short-range order.
Permittivity has anomalies in this temperature range [13]. This set
of characteristics evidences that the occurrence of the short-range
order is accompanied by their anomalous behavior correlating with
the structural distortions.

We examined the effect of some technological parameters and
synthesis conditions on the PbsMn,05 structure. No effects of
crucible cooling rate, the lower limit of the furnace temperature
down to which the temperature reduction program operates,
mechanical drawing of the crystals, or washing them in a water
solution of nitric acid on the structural characteristics of
PbsMn;0;5 were found. We attempted to freeze the hexagonal
high-temperature phase by rapid quenching of the sample at
1100 K. The PXRD of the sample taken prior to the thermal
treatment appeared identical to that of the quenched sample.
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patterns of PbsMn,0;5 at 298 K (a), and 1073 K (b) after the crystal structure
refinement.
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Exposure of the single crystals to nitric acid for three days had no
effect on the structural properties of PbsMn,015 either.
4. Discussion

The XRD data on the observed high-temperature transition from
the orthorhombic to the hexagonal phase were analyzed using the
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group-theoretical methods [17,18]. The analysis allowed establishing
general regularities of the structural changes and revealing the
features of atom behavior during the phase transition.

According to the results reported in [19-23] and our examina-
tions, the symmetry transition from P63/mcm to Pnma can be
described by one three-component phenomenological order para-
meter (OP) of the (#,0,0) type transformation by the irreducible

representation (IR) M3 (12 —4) of the P6s/mcm group with
k-vector of Brilluen zone (point M, k{2=(1/2,0,0)) (Fig. 5). Note
that the critical IR My (12 —4) transforming the critical (#,0,0)
OP satisfies the Landau and Lifshitz criteria [17] and makes it
possible to transform the P63/mcm phase to the Pnma phase by
the second-order transition. In Fig. 6 the temperature dependence
of hexagonal (pseudo-hexagonal before 405 K) lattice parameters
a, b, and c at heating is shown. The jump on the c parameter curve
at 405 K indicates that the transition is of the second order.

Thus, the symmetry transformation in the PbsMn;0;5 crystal
can be schematically presented as P63 /mcm M;UTZO_;) Pnma.

Cell parameters transform: do;= Chex; Dort=20nex+ Phex; Cort=Dhex
where do, bor, Cort — basis vectors of cell of Pnma phase, dpex,
bhex» Chex — basis vectors of cell of P6s/mcm phase. The possible
intermediate phases were identified using SUBGROUPGRAPH pro-
gram [23] in Bilbao Crystallographic Server (Fig. 7).

Using the procedures of ISOTROPY [21] and ISODISPLACE [22]
programs, we determined the noncritical IRs and OPs. The non-
critical IRsare I's (16 — 11), I'{ (16 — 1), and Mi" (12 — 1).

For assignment of the atomic displacements and the critical
and noncritical orderings, a composition of the mechanical and
permutation representations was analyzed. The first is based on
displacements of atoms of the structure; the second on a variation
in populations of the positions occupied by atoms of the structure
in the highly symmetric Go phase [18].
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Fig. 6. Temperature dependence of hexagonal (pseudo-hexagonal before 405 K)
lattice parameters a, b and c at heating.
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Thus, comparing positions of the atoms in the hexagonal and
orthorhombic PbsMn,0,5 phases and expanding the displace-
ments of atoms by the IRs of the Go group using the ISODISLACE
program procedures [22], we established the critical and non-
critical displacements. As one could expect, the maximal
displacements of the atoms are related to the critical representa-
tion M3 (12 — 4). In particular, the maximal displacements
described by this representation observed for a lead ion Pby;
(hereinafter the atoms are numbered according to Table 2) are
Ar(Pb,;)=(—0.280 A, 0, 0.043 A) in the reference frame coupled
with the orthorhombic unit cell. It is seen that the displacement
along the orthorhombic lattice axis a corresponding to the
hexagonal lattice axis c is maximal. Other lead ions are displaced
less by a factor of more than 2 as compared to the Pby,
displacements.

The remaining ions of the structure also undergo considerable,
though less in their absolute magnitude, displacements related to
this representation. For instance, the maximal displacements
under the action of this representation observed for oxygen ions
O;; and Op, are Ar(0;;)=(0.019A, 0.067A, 0.190A) and
Ar(015)=(-0.046 A, —0.050 A, —0.222 A) in the orthorhombic
reference frame. The largest displacement among the manganese
jons, Ar(Mns;)=(—0.175 A, 0, 0.09 A), is observed for Mns;. As in
the case of the lead ion Pby;, the Mns; displacement occurs
mainly along the orthorhombic axis a.

The most noticeable of the mentioned noncritical displace-
ments are those related to the noncritical IR ' (16 — 11).
However, all the noncritical displacements are considerably
smaller than the critical ones. In particular, the longest displace-
ment related to I (16 — 1 1) is observed for Pb,, at the vector
Ar(Pby,)=(—0.100 A, 0.013 A, —0.065 A), which is several times
shorter than the critical Pb,; displacements.

As it is seen from the structural data (Tables 2-4), the atomic
ordering may play an appreciable role in the phase transition.
Meanwhile, judging from the entropy value (Fig. 2), the phase
transition in PbsMn;O;s is related rather to the atom displace-
ments [24] than to the ordering process. To complete the picture
of possible variations in the structure of the hexagonal PbsMn;015
phase, we analyzed the permutation representation using the
procedures of the ISODISPLACE program [22]. For the sake of
simplicity, we took only heavy ion positions.

The permutation representation at the positions occupied by Pb
and Mny ions does not include the M5(1 2 —4) representation, which
implies that no ordering of these ions can occur during the phase
transition.

5. Conclusion

Having analyzed the results obtained, we concluded that the
PbsMn;0;5 crystals undergo a phase transition from the orthor-
hombic Pnma to the hexagonal P63/mcm structure. The combined
investigations revealed a series of other jumps of the material
properties in the temperature range 4.2-1100 K detected by the
XRD, calorimetric, magnetic, and DSC measurements. All the
detected effects correlate with one another.

Using the group-theoretical methods, we showed that the
symmetry transformation in phase transition can be outlined as

M; (12—-4) .
(zﬁ; Pnma. The symmetry analysis suggests that the
n,0,

phase transition is related to the critical (#, 0, 0) RR transforma-
tion by the critical representation M. A critical ion of the phase
transition is the Pb,; ion having the maximal displacement.
Judging by the specific heat variation during the phase transition,
the ordering process is found to be less probable.

P65 /mcm
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