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paramagnetic metal.

The Balr; _yMn,03 (0.0 <x < 1.0) solid solutions were synthesized by using the solid-state chemical
method and high pressure sintering in the pressure range 0-5GPa. According to the pressure-
composition “phase diagram” at 1000 °C, the 9M Balr; _,Mn,03 transforms to the 6M form at 5 GPa and
x < 1/6. In the x range 0.5-1.0, it transforms to the 9R form in a large pressure range. For the 9M BalrOs,
the Mn ions substitution for Ir ions enhances the semiconducting property, and reduces the weak
ferromagnetism. When x is larger than 1/3, the 9M/9R Balr; _,Mn,0O5 behave spin-glass-like state at low
temperature, with the glass transition temperature Ty about 60K. For the 6M BalrOs, the Mn ions
doping results in that it transforms to insulator and spin-glass-like magnetism from the initial

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

At ambient pressure, BalrOs crystallizes into the monoclinic
structure, with the space group C2/m, rather than the rhombohedral
structure [1]. The ion coordination of BalrOs is similar with that of
the 9R BaRuOs, so it is denoted to 9M. It is the first known
ferromagnet that contains a 5d transition metal cation in the ternary
oxides, with the Curie temperature T. about 183K [2]. The weak
ferromagnetism originates from spin polarization of Ir cations rather
than from spin canting [3-5]. By treating the 9M BalrO; with
high-temperature and high-pressure method, we obtained the 6M
BalrOs3 at 5GPa and 1000 °C [6]. The structure of the 6M BalrOs is
similar with that of the ambient-pressure phase of SrirO; with the
space group C2/c [7]. Recently, Cheng et al. found that one new form
of BalrOs, which is treated at 3.3-4.0GPa and 1000 °C, adapts a
5-layer structure, with the space group C2/m [8]. We denoted this
new intervenient polymorph of BalrO; between the 9M and 6M
forms as 5M. The 9M BalrOs is a semiconductor for the polycrystal
sample [9], but the 6M form is a paramagnetic metal [6]. The 5M
BalrO3 is a weak ferromagnetic metal according to our recent
results [10].

It is easy to obtain the 6M or 6H BasMIr,Og at ambient
pressure by substituting 1/3 M cations (M=alkali metals, alkaline
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earth elements, 3d transition metals, and lanthanides) for Ir ions
in BalrOs [11-13]. In these compounds, the M and Ir ions occupy
the corner-sharing octahedrons sites (in the MOg octahedron) and
the face-sharing octahedrons sites (in the Ir,O9 dioctahedron),
respectively. The chemical substitution results in the change of
physical properties. All these compounds with Ir-site substitution
are semiconducting, although there is the unpaired d or f electron
in most M cations [11-13]. Their magnetic properties are very
complex, containing the contributions of M cations and Ir-Ir
direct interaction.

At ambient condition, BaMnOs adopts the 2H form, which
contains chains of face-sharing octahedrons parallel to c-axis
[14,15]. Under high pressure and high temperature, the 2H
BaMnOs can transform to the 9R and 4H forms [16], which is
similar with that in BaRuOs [17]. Considering the similar structure
and pressure behavior, Balr; _,Mn,O3 will transform to the other
normal or distorted hexagonal perovskite structures from the
initial 9M or 2H forms under sufficient high synthesis pressure.
Fig. 1 shows the schematic views of the 9M, 5M, 6M, 9R, 4H, and
2H forms of Balr; _yMn,0s.

Balr; _,Mn,O3; at x=0.58 has been synthesized at ambient
pressure and it adopts the 9R form [18]. However, the structural
evolution and physical properties of these serial compounds have
not been obtained, and the high-pressure phases have not been
investigated so far. In this paper, we synthesized Balr; _,Mn,03
using solid state chemical method and high-pressure sintering,
and reported the structural, electrical and magnetic properties of
the 9M/9R series and 6M series.
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Fig. 1. The schematic views of the four crystallographic forms of Balr; _4Mn,0Os: (a) 9M form; (b) 5M form; (c) 6M form; (d) 9R form; (e) 4H form; and (f) 2H form. The
Ir/MnOg octahedrons are represented by geometrical coordination (Ir/Mn at the center, O at corners). The unit cells are outlined.

2. Experiment

The ambient phases of Balr;_,Mn,Os; were synthesized by
using the method of conventional solid state chemical reaction.
The starting materials were barium carbonate (99.9% purity),
iridium metal (99.9% purity), and Mn,03 (99.9% purity). Stoichio-
metric quantities of materials were mixed together, ground about
30min in an agate mortar, and placed into an Al,03 crucible. Then
the powder was calcined for about 12h at 900°C in air. The

calcined powder was reground, pressed into a pellet at the
pressure of 10 MPa, and sintered at 1000 °C for about 72 h in air
with twice intermediate regrinding.

A conventional cubic-anvil type high-pressure facility was
used to perform the high-pressure and high-temperature experi-
ments. The ambient Balr; _,Mn,O3 were pressed into pellets of
5.0mm diameter, and then wrapped with gold foil to avoid
contamination. The pellets were put into an h-BN sleeve which
was in turn inserted into a graphite tube heater. Pyrophyllite was
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used as the pressure-transmitting medium. The treating process
was carried out at 1.5-5.0GPa and 1000°C for about 30 min,
followed by a quench from high temperature before releasing
pressure.

The structures of our samples were checked by the powder
X-ray diffraction (XRD) with CuKo radiation at room temperature,
using a Rigaku diffractometer (MXP-AHP18). The measurements
of temperature dependences of electrical resistivity were per-
formed by using the standard four-probe method with Ag paste
contacts on an Oxford Maglab measuring system in the tempera-
ture range of 2-300 K. The relationships of magnetic susceptibility
versus temperature were obtained by using a SQUID magnet-
ometer (Quantum Design, MPMS-5S) in the temperature range of
5-300K. Data were collected under both zero-field-cooled (ZFC)
and field-cooled (FC) conditions in the applied field of 0.1-1T.

3. Results and discussion
3.1. Crystal structure

Fig. 2 shows the “phase diagram” at 1000°C, which
summarizes the results of Balr;_,Mn,O; as a function of
pressure and composition. The dashed line is not the strict
borderline between the two neighboring phases. The arrangement
of Ir and Mn cations is disordered with Mn substituted randomly
for Ir cations, due to the comparable radius of Mn and Ir cations
[19]. At ambient pressure, Balr; _,Mn,Os3 crystallizes into the 9M
form at x <1/3 and transforms to the 9R form when x is larger
than 1/3. It adopts the 2H form when x is equal to 1.0, i.e. BaMnOs.
High-pressure sintering changes the structure of Balr; _Mn,Os3 to
the new forms. At 5GPa, Balr; _,Mn,O3 adopts the 6M form at
x < 1/6. As shown in Fig. 2, at 4 GPa and x=0.0-1/6, and at 5 GPa
and x=1/3, there are the 5M phases in the “phase diagram”.
Fig. 3(a) shows the XRD patterns of the 9M, 6M and 5M
Balrg9sMng 0503. At 5GPa and x=0.5, Balr; _4Mn,03 crystals into
the 4H form. When x is larger than 0.5, Balr; _,Mn,O3 mainly
adopts the 9R form, and there is a mixed region between the 9R
and 4H forms. There is also a mixed region between the 9R and 2H
forms in the “phase diagram”. Fig. 3(b) shows the XRD patterns of
the 2H, 9R, and 4H forms of Balr;_,Mn,O3 with different Mn
content.

Fig. 3(c and d) shows the XRD patterns of the 9M/9R and 6M
Balr; _,Mn,0Os, respectively. The lattice parameters are calculated
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Fig. 2. Pressure-composition diagram at 1000 °C for Balr; _,Mn,Os. The dashed
line is not the strict borderline between two phases.

from Le Bail refinements. Fig. 4(a and b) shows the relationships
of the volume of one chemical formula unit Vy and normalized
lattice parameter ay, by, and c, and f§ versus the Mn content x for
the 9M/9R and 6M Balr; _,Mn,0s, respectively. The insets of (a)
and (b) show the x dependence of f for the 9M and 6M forms,
respectively. Vy=V/n, where n is equal to 9 and 12 for the 9R and
9M/6M forms, respectively. For the 9R form, the hexagonal unit
cell is normalized to a “cubic” form by using the equations:

ay=a/v2, con=c(3V3), M

to calculate the normalized lattice parameters for an assumed
pseudo-cubic perovskite form, in which the hexagonal structure
contains a sequence of six close-packed layers, with each layer
consisting of the same ions of the (111) plane in the cubic
structure [20]. For the 9M form, the equations are

ay=a/v6, byb/v2, con=csinfB/2v3). )
For the 6M form, the equations are
aNza/\@, bNZb/«/E,

For both the 9M/9R and 6M forms, with the increasing x, ay, by, Cn,
and Vy are decreasing, due to the smaller ionic radius of Mn cation
comparing with Ir cation [19]. For the 9M form, ay is
approximately equal to by at x=1/3. The value of f is also
decreasing with x, which indicates the decreasing distortion
degree of crystal structure.

cn = csin /(2V/3). 3)

3.2. Electrical properties

Fig. 5(a and b) shows the temperature dependences of
electrical resistivity of the 9M/9R and 6M Balr;_,Mn,O3,
respectively. The 9M BalrOs is a typical semiconductor for the
polycrystalline sample [9]. There is an obvious turning point in
the p-T curve, corresponding to the Curie temperature T.. The
substitution of Mn for Ir cations in the 9M BalrOs; enhances the
semiconducting property due to the localization of 3d electrons of
Mn cations. Only the small doping of Mn ions (x=0.05) could
result in that the kink in the p-T curve becomes unobvious. The
ferromagnetic transition is clearly visible up to x=1/3 in the
following magnetic properties, but it is not seen for x>0 in
Fig. 5(a). In fact, there is an unobvious turning point at
the ferromagnetic transition temperature in the p-T curve up to
x=1/6. The ferromagnetic transition temperature is decreasing
with the increasing Mn content x. So the Mn substitution
compresses the ferromagnetism of the 9M BalrOs. The localized
3d electrons of Mn cations tend to make the sample become
insulating. The localized carriers induced by the disordered
arrangement of Mn and Ir ions result in the decreasing
conductance of the 9M BalrOs;. The Mn doping also enhances
the grain boundary effect in the sample, which may change the
electrical properties of the 9M Balr; _,Mn,0s3 at the ferromagnetic
transition temperature. The abovementioned three factors are the
possible reasons for the unobvious transition in the p-T curve.

The 6M BalrOs; are metals in the range of 2-300K [6]. The
substitution of Mn ions for Ir ions results in that the metallicity
becomes worse. The 6M Balr; _,Mn,O3 (x > 0.05) transforms to be
an insulator from a metal at higher temperature. The transition
from metal to insulator at low temperature is attributed to the
coexistence of the localized 3d electrons of Mn cations and
itinerant electrons of Ir cations in our samples. Although
the electronic itinerant of Ir cations is propitious to the metallicity
of sample, the electronic localization of Mn cations tends to
make the sample become insulating. The disordered arrangement
of Mn and Ir ions will result in the localized carriers, which
induce the sample transforms to an insulating state.
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Fig. 3. The XRD patterns of Balr; _,Mn,05: (a) the 9M, 5M, and 6M forms at x=0.05; (b) the 2H, 9R, and 4H forms at different x; (c) the 9M/9R forms; and (d) the 6M forms.

The inset of (b) shows the relationship of metal-insulator
transition temperature Ty versus x. With the increasing x, the
semiconducting property is increasing. When x is equal to 1/6, the
6M form is an insulator, with the small electrical resistivity.

3.3. Magnetic properties

Fig. 6(a and b) shows the temperature dependences of magnetic
susceptibility of the 9M and 9R Balr; _,Mn,03, respectively. BalrO3
is a weak ferromagnet at low temperature, with the Curie
temperature T, is 183.8 K. The ZFC curve is same with the FC

curve above T, but deviates from FC curve below T, due to the
rapid zero-field cooling [21]. The Mn doping deduces the weak
ferromagnetism of BalrOs. In the x range 1/3-1.0, the 9M/9R
Balr; _4yMn,O3 behave spin-glass-like state at low temperature,
with the glass transition temperature Ty about 60K. The y data at
high temperature (above T or Tg) for the x <0.05 samples should
be fitted to the following modified Curie-Weiss law:
1= Té() +7os @
where the parameters C, 0, and yo are the Curie constant,
paramagnetic Curie temperature, and the temperature
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Fig. 4. The relationships of the volume of one chemical formula unit Vy versus x of
Balr; _,Mn,0s3: (a) the 9M/9R form; and (b) the 6M form. The insets of (a) and (b)
show the relationships of f versus x for the 9M and 6M forms, respectively.

independent  magnetic  susceptibility,  respectively. The
paramagnetic effective magnetic moment p.g is obtained from
the Curie constant C with the formula p,; =2.828v/C. In the x
range 0.1-2/3, the y data at high temperature follow the Curie-
Weiss law. When x is larger than 2/3, the y-T curve at high
temperature is complex, and it is difficult to fit the magnetism. The
inset of Fig. 6(b) shows the relationships of effective magnetic
moment /. and paramagnetic Curie temperature 6 versus x for
the 9M and 9R forms at x < 2/3. For the 9M/9R Balr; _ ,Mn,Os, e is
smaller than the theoretic value calculated in the spin only model
for the Mn and Ir cations, due to spin-orbital coupling effect and
the suppressing on moments of metal cations by strong metal-
metal bonding. With increasing x, e is increasing, which is mainly
due to the enhancement of valence of cations and the
superexchange interaction between Mn and Ir cations.

The paramagnetic Curie temperature 0 is decreasing with the
increasing x for the 9M and 9R Balr; _,Mn,Os. In the x range of
0.0-1/6, 0 is positive, which indicates that the electronic spins in
the two adjacent B-sites is parallel. However, when x is larger than
1/6, 0 transforms to be negative, which indicates that the two
adjacent electronic spins become antiparallel. The weak ferro-
magnetism of the 9M BalrO; originates from spin polarization of
Ir cations [3]. Mn ions doping destroys this spin polarization of Ir
cations, and adds the interaction between Mn and Ir cations. The
distortion degree of crystal structure is decreasing with the
increasing Mn content x, which also compresses the ferromagnet-
ism of the 9M Balr; _,Mn,0Os. Therefore, with the Mn doping,
these solid solutions transform to the non-ferromagnetic state,
with the change from positive to negative for the paramagnetic
Curie temperature 6.
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Fig. 5. Temperature dependences of electrical resistivity of Balr, _,Mn,Os: (a) the
9M/9R form; and (b) the 6M form. The inset of (b) shows the relationship of
metal-insulator transition temperature Ty versus x.

Fig. 6(c) shows the temperature dependences of magnetic
susceptibility of the 6M Balr; _,Mn,Os. Only the ZFC curve is
shown for the 6M BalrOs, because there is no obvious deviation
between ZFC and FC modes. The 6M BalrOs; are paramagnetic,
without the magnetic order in the experimental temperature
range [6]. For the even slightly Mn doped (x > 0.05) compounds, a
clear difference between ZFC and FC curves was observed. The
paramagnetic susceptibility y can be fitted to the following
equation [22]:

C
1= 1w+ 7ep(T) = 7= + 2o(1-AT?), 5)

where ycw and ygp are the Curie-Weiss (CW) and exchange-
enhanced Pauli (EP) contributions to magnetic susceptibility,
respectively. The parameter C, 0, and y, are same with those in
Eq. (4). A=(nkg/6){[N'(Er)/N(E)]* — [N"Eg)IN(EE)]}, where N(E) is
the density of states at Fermi level (Eg) per atom, N'(Eg) and N”(Eg)
are its first and second energy derivatives. We attributed the
temperature-independent susceptibility to the Pauli paramagnet-
ism rather than to the spin-orbit coupling, because the 6M BalrO3;
is metallic [6], with the larger electrons contribution to magnetic
property, which is different from that of the insulating com-
pounds [23]. The inset of Fig. 6(c) shows the relationships of
effective magnetic moment fi.¢ and paramagnetic Curie tempera-
ture 0 versus x. Like that in the 9M/9R form, g of the 6M
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Fig. 6. Temperature dependences of magnetic susceptibility of Balr; _,Mn,O3: (a) the 9M form; (b) the 9R form; and (c) the 6M form. The insets of (b) and (c) show the
relationships of effective magnetic moment p.¢ and paramagnetic Curie temperature 0 versus x for the 9M/9R and 6M forms, respectively.

Balr; _xMn,O3 is also smaller than the theoretic value and is
increasing with the increasing x. Being different from that in the
9M/9R form, the value of 6 is increasing with x and becomes
positive from the original negative one for the 6M BalrOs [6],
which indicates that the electronic spins in the two adjacent
B-sites transform to be parallel. The 0 evolution with the
increasing Mn content x for the 6M Balr; _,Mn,Os is similar with
that in the 6H BaRu,; _,Mn,03 [24].

4. Conclusions

In summary, the BaRu; _,Mn,05 solid solutions were synthe-
sized by using the solid-state chemical method and high-pressure
sintering, and the XRD patterns, electrical resistivity, and
magnetic susceptibility were measured. According to the XRD
patterns, the pressure-composition “phase diagram” at 1000 °C of
Balr; _,Mn,O3; was obtained. A systematic research about the
structural, electrical, and magnetic properties evolutions of the
9M/9R and 6M BaRu;_yMn,O3 was performed. The weak
ferromagnetism of the 9M/9R Balr; _xMn,Os3 is reduced by the
Mn ions doping, being contrary to the semiconducting property.
When the temperature is below about 60K, these series behave
spin-glass-like state at x>1/3. The 6M BalrO; transforms to

insulator and spin-glass-like magnetism under the Mn ions
substitution.
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