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A new compound BasSn; 1 Mn3 9045 has been synthesized at 1300 °C by solid-state reaction. The structure
was characterized by X-ray, electron and neutron diffraction methods. BasSn;.1Mn3; 9015 crystallizes in
hexagonal space group P63/mmc with a=5.717 A and c=23.534 A. The magnetic measurement reveals
that BasSn;1Mn3 9015 has a spin glass transition at 7 K.
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1. Introduction

Considerable interest has been focused on hexagonal per-
ovskite BaMnOs;_g system because of their rich structure chemistry
[1-7]. A series of polytypes (2H — 15R— 8H — 6H — 10H — 4H)
is found in reduced BaMnO;_s as the oxygen vacancy con-
centration y increases [4,5] (this notation shows the number
of close-packed layers in the repeat sequence and the lattice
symmetry as H=hexagonal, R=rhombohedral). New hexagonal
perovskite polytypes are generated when Mn is substituted
by different cations. Several doped BaMnOs systems includ-
ing Ba;_,SrxMnOs_s [5,8], BaTixMn;_O3 [9], BaCaxMn;_x03_g
[10,11], BalryMn_x03_;5 [12], BaLnyMn;_,O3_s (Ln =rare earth ele-
ment) [13-17], BalnyMn;_,03_5 [18,19], BaCoxMn;_,03_5 [20,21],
BaRuxMn;_,03 [22] and BaFexMn;_,05_s [23] have been explored.
Among them, two B-cation ordered hexagonal perovskite struc-
ture are found with a formula Ba;+; XMn;03,,_s (n=2, 3), which
contains one layer of corner-sharing XOg octahedron and n
layers of face-sharing MnOg octahedra [13-16,19]. Recently a
new compound with n=4 in this series, 10H-polytype com-
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pound Baslngg3MngOi449 [18], was reported. Many efforts
have been paid to synthesize other iso-structural compounds
by replacing Indium ion with other metal ion. We found a
narrow solid solution BsSnj+xMng_xO¢5 in Sn-doped BaMnOs3
system. Here, the synthesis, structural characterization and mag-
netic properties of a typical sample BasSn;;Mn3¢0y5, were
reported.

2. Experimental

BasSn;1Mn3 9015 was synthesized via high temperature solid-state reaction.
The stoichiometric starting materials of BaCOs3 (A.R.), MnO, (A.R.), and SnO; (A.R.)
were mixed in an agate mortar and pestle, and heated in an alumina crucible at
1000°C for 10 h. Then, the sample was reground, pressed into pellets (20 ton/cm?)
and heated at 1300°C for 30 h with several intermediate pressing and grinding steps
and furnace-cooled each step.

The phase purity of the sample was checked by powder X-ray diffraction on
a Rigaku D/Max-2000 diffractometer with graphite monochromatized Cu K, radia-
tion at 40 kV, 100 mA. Data were collected in the range of 6-120° with step scanning
mode for Rietveld refinement carried out with GSAS program [24]. The neutron
diffraction data were collected at different temperatures on the Special Environment
Powder Diffractometer at the Intense Pulsed Neutron Source, Argonne National Lab-
oratory. Selected-area electron diffraction (SAED) and convergent-beam electron
diffraction (CBED) were carried out on Tecnai G2 F30 with an accelerating volt-
age of 300kV. The magnetic properties were investigated with a Quantum Design
MPMS-SS superconducting quantum interference device (SQUID) magnetometer.
Data were recorded in a 1000 Oe field while warming the sample from 2 to 300K,
following field cooling (FC).
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Fig. 1. Experimental, calculated, and differential diffraction pattern collected at room temperature of BasSn; 1Mns3¢0ss, (a) neutron and (b) X-ray.
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Fig. 2. SAED pattern of BasSn; ;Mns3 0,5 along three projections: (a) [001], (b) [100], and (c) [1 10]. No superstructure spot can be observed.

3. Results and discussion
3.1. Crystal structure

The XRD pattern of BasSny 1 Mns3 gO15 is plotted in Fig. 1b, which
is similar to that of 10H BasIngg3Mn4014.40 [18]. This suggests that
BasSn; 1Mn3 9015 may adopt a 10H perovskite structure. The XRD
pattern can be indexed [25] to a hexagonal cell with a=5.717 A and
c=23.534A. The systematic absence [26] of the reflections indi-
cated the possible space groups, P63/mmc, P62c, P63mc, P31c or
P31c. Selected-area electron diffraction (SAED) was employed for
further investigation. The SAED patterns along the most relevant
zone axes [001], [100], [1 10], are shown in Fig. 2a-c, respec-
tively. No superstructure reflection occurs and all the reflections in
these patterns confirm the above indexing results. The systematic
absence of the reflections was observed as hh2hl : | = 2n + 1, which
agrees well with the above space groups. All the spots are visible in
Fig. 2c due to second diffraction.

Convergent-beam electron diffraction (CBED) is an effective tool
to probe the crystal symmetry along certain projection. The CBED

1

(a) [001]

patterns along three relevant zone axes [001], [1 10], [540], are
shown in Fig. 3a-c, respectively. The whole pattern symmetries are
6mm in [001], 2mm in [1 10] and m in [54 0], respectively. Only
the space group P63/mmc matches such whole pattern symmetry.
So the space group P63/mmc was chosen in the further Rietveld
refinement.

The structure refinement was carried out with GSAS simultane-
ously on XRD and neutron diffraction data. Structural refinement
adopted a 10H-Baslngg3Mny0144¢ perovskite, which has the
corner-sharing octahedral site M1 and the face-sharing octahedral
sites M2 and M3 for B-site atoms, as shown in Fig. 4. In the first
refinement step, the occupancy of Sn and Mn were refined at M1,
M2 and Mn3 site with the sum of each site subject to unit. Minus
Sn occupancy was found at M3 site, thus Mn occupancy at M3 site
was set as unit. The occupancies of Sn and Mn were refined at M1
and M2 sites with Sn/Mn ratio subject to initial stoichiometry. In
the second step, oxygen vacancy was refined. No oxygen vacancy
was found within the refinement error. Thus the oxygen occupan-
cies were subject to unit. The final refinement gave out a good
fitting, shown in Fig. 1 for the XRD and neutron diffraction data.

Fig. 3. CBED patterns of BasSn;Mns 0,5 along (a) [001], (b) [1 10] and (c) [540], whose whole pattern symmetry is 6mm, 2mm and m, respectively.
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Table 1
Rietveld refinement results of BasSn;.1Mn390;s.
Atom Site Xz Occup. 100xU/A2 BVS
Bal 2d 2/3,1/3,0.25 1 0.38(3) 2.04
Ba2 4f 2/3,1/3,0.4441(1) 1 0.18(2) 241
Ba3 de 1,0,0.3462(1) 1 0.18(2) 227
M1(Sn/Mn) 2a 1,0,0.5 0.86(1)/0.14 0.03(3) 4.16/2.76
M2(Mn/Sn) 4f 1/3,2/3, 0.4078(1) 0.88(1)/0.12 0.07(4) 3.67/5.54
M3(Mn) 4f 1/3,2/3,0.3013(1) 1 0.04(3) 3.98
o1 6h 0.1837(1), 0.8163(1), 0.25 1 0.08(2)
02 12k 0.1689(1), 0.3377(2), 0.4504(1) 1 0.43(1)
03 12k 0.4810(1), 0.9621(2), 0.3526(1) 1 0.26(3)

Space group: P63/mmc; lattice parameter: a=5.717 A and c=23.534A.

Table 2
Selected bond length of BasSn; 1Mn390;s.

Bond length (A)

Ba1-01(x6) 2.865
Ba1-03(x6) 3.037

) (1) Ba3-01(x3)2.905(1)

) (1)
Ba2-02(x6) 2.864(1)

) (1)

) (1)

Ba3-02(x3)2.969(1)
Ba3-03(x6)2.870(1)
Sn/Mn-02(x6) 2.040(1)
Mn1/Sn-02(x3) 1.912(1)

Mn1/Sn-03(x3) 1.959(1)
Mn2-01(x3) 1.914(1)
Mn2-03(x3) 1.897(1)
Mn1-Mn2 2.509(2)
Mn2-Mn2 2.419(3)

Ba2-02(x3)2.972
Ba2-03(x3) 2.832

The Rwp and x? parameters are 5.8% and 3.9 for the refinement,
respectively.

The refined atomic parameters and bond distances are listed in
Tables 1 and 2, respectively. M1 site is dominated by Sn atom (occu-
pancy 86%) and M2 site is dominated by Mn atom (occupancy 88%).
The BVS calculation reveals that Mn atom displays a relatively low
valence (2.76 at M1 site and 3.67 at M2 site) and Sn atom displays
a relatively high valence (4.16 at M1 site and 5.54 at M2 site). This
agrees with the disordered model well. Different atoms in the same
crystallographic site have different local coordination, but an aver-
age set of coordination was used in the structural refinement. As a
result, the larger ions show relative higher valences and the smaller
ones show relative lower valences. Mn atoms at M3 site show 4+
valences, indicating no disorder occurs.

It is interesting to notice that the distortions of MnOg octahe-
dra in the face-sharing octahedral chain. The Mn atoms at M2 site

(a) (b)
c 02
C
h 02
h
h
c @
C
h
h
h

Q Ba
c, @ Sn

@ Mn
[ d s O

Fig. 4. Schematic representations of (a) the structure and (b) the polyhedra sites
corresponding to BasSn; 1Mn39045. Three different metal sites are marked as M1,
M2, M3 in plot (b).

deviate from the octahedral centre: the bond length of Mny;-02
and Mnp»-03 are 1.912 and 1.959 A, respectively. The Mn atoms
at M3 site also deviate from the octahedral centre: Mny;3-01 and
Mny3-03 are 1.914 and 1.897 A, respectively. As a result, two dif-
ferent sets of Mn-Mn distance are got: Mnp,-Mny3 is 2.509 A and
Mnyi3-Mnyz is 2.419 A. Because of this distortion, both Mn-Mn
distances become larger than the one (2.407 A) in 2H BaMnOs [3],
which help to stabilize the 10H perovskite structure.

The crystal structure of BasSn;1Mn3 9015 is shown in Fig. 4.
BasSnq 1Mn3 9015 can be described with 10H hexagonal perovskite,
in which close packing BaOs layers stack following a sequence
(cchhh), and octahedral sites M1, M2 and M3 are formed between
BaOj layers. The face-sharing and corner-sharing octahedral sites
are mainly for Mn and Sn atoms, respectively. Although M1 and
M2 are co-occupied by Sn and Mn atoms, the local structure is
dominated by the octahedral chains Mn4015 and octahedral SnOg.

But in 10H BasIng94Mn40144¢ structure, Mn atoms occupy M2
and M3 site exclusively, and In atoms occupy M1 site exclusively.
The structural difference comes from the ionic radius and charge
differences of dopant elements. The ionic radius of 6-coordinated
In3*, Sn** and Mn** is 0.8, 0.69 and 0.53 A, respectively [27]. Sn**
is closer to Mn** in size than In3*. Furthermore, Sn** ion has the
same valence with Mn** ion. As a result, some amount of disorder
occurs between Sn** and Mn**, resulting in narrow solid solution
and non-stoichiometric Sn/Mn ratios.

3.2. Magnetization

Temperature dependent DC magnetic susceptibility is shown in
Fig. 5. The susceptibility changes little in 100-300K and starts to
increase smoothly as temperature goes down. This indicates the
sample is a paramagnetic insulator with anti-ferromagnetic inter-
action between magnetic moments above 100K. A slop change
of the magnetic susceptibility is observed at about 7K (shown in
Fig 5a), below which ZFC and FC magnetic susceptibility starts
to diverge (shown in Fig. 5b). In addition, the AC magnetic
susceptibility x’ shows a peak at about 7K, which is slightly
frequency-dependent as shown in Fig. 6. This suggests the magnetic
transition at 7 K is a spin glass transition [28]. Small loop observed
in M-H curve measured at 2K agrees with such behavior. A sec-
ond peak observed at about 36 K in AC magnetic susceptibility, is
due to small amount of Mn30,4 impurity, as observed by Attfield
in Mn,O0BO3 system [29], which is confirmed by the 10K neutron
pattern with a magnetic peak [110] of Mn3O4 (Tf 42K) at d=4.9A
as shown in Fig. 7. The 10K neutron diffraction data can be well-
fitted with atomic structure only, which suggest no long range order
magnetic phase transition.

Such magnetic behavior keeps with the crystal structure. In
In/Sn-doped BaMnOs, as the dopant have no magnetic moment,
the difference of the magnetic properties are due to the dif-
ferent arrangements of Mn atoms in these two compounds. In
BasSn; 1Mn3 9015, the arrangements of Mn atoms are very com-
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Fig. 5. (a) Magnetic susceptibility and inverse magnetic susceptibility of
BasSn;1Mn3 9015 measured at 1000 Oe, (b) magnetic susceptibility under zero filed
cooling and field cooling (20 Oe) between 2 and 50K, and the field dependence of
magnetization at 2 K (inset) of BasSn;.1Mn3 90;s.

plex. Three kinds of face-sharing octahedral chains Mn4015 (77%),
SnMn3015 (21%), and Sn,Mn,015 (2%) form in BasSn; 1Mn3 015,
but SnMn3075 and Sny;Mn; 045 block long range inter-chain inter-
actions. The face-sharing octahedral chains are connected with
SnOg (86%) or MnOg (14%) octahedra via corners. The dominat-
ing structure is Mn4O5 octahedral chains connected with SnOg
octahedra, which is similar to BasIng g3Mn4014 .49 and results a sim-
ilar paramagnetic behavior above 100K for both compounds. Long
range inter-chain interactions occur only when the face-sharing
octahedral chains Mn4O;5 are connected with MnOg octahe-
dra, which are the rare case (1% per unit cell), thus long range
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Fig. 6. Temperature dependent AC magnetic susceptibility of BasSn;1Mn3;9015
measured in the applied filed of Hpc =0 Oe and Hac =3 Oe at different frequencies.
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Fig. 7. Observed, calculated, and differential neutron diffraction pattern collected
at 10K of BasSnj 1Mn39045. Mn3 04 impurity peak is marked with asterisk.

order is prohibited, and spin glass behavior is observed at about
7K.

4. Conclusions

A new barium tin manganese oxide BasSn; {Mn3 905 has been
synthesized at 1300 °C in air by traditional solid-state reaction. It is
a 10H hexagonal perovskite compound. The closed-packed [BaO3]
layers stackin the (cchhh), sequences, Mn and Sn atoms occupy M1,
M2 and M3 sites in a partial ordered way. The face-sharing octa-
hedral sites M2 and M3 are mainly occupied by Mn atoms and the
corner-sharing octahedral site M1 is dominated by Sn atoms. The
difference between 10H-BasIng g3Mn4014.40 and BasSn; 1Mn390q5
comes from the different charge and radius of the dopant ions.

Although the occupancy of the dopant and Mn atom show
some differences, the magnetic properties are quite similar for
BasIng93Mng014.49 and BasSny 1Mn3 9045, showing strong antifer-
romagnetic interactions above 100 K. However, spin glass behavior
was observed at 7 K for BasSn; 1Mn3 9O1s.
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