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The 5M BalrOs, which is intervenient in the 9M and 6M forms, was synthesized under high pressure
and high temperature, and the physical properties were obtained. The measurement of low-temperature
electrical resistivity shows that the 5M BalrOsis a Fermi-Liquid metal, because of the linear relationship of
p versus T2 at low temperature. The relationships of magnetic susceptibility versus temperature indicate
that the 5M BalrOs is a weak ferromagnet, with the Curie temperature T. about 54.3 K. According to

the Wilson ratio Ry of 1.67(4) and Stoner enhancement factor S of 2.8 calculated through the low-
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temperature specific heat data, there is a modest electron-electron correlation effect in the 5M BalrOs.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the oxide iridates have received growing
attention for their exotic physical properties. For example, the
ambient-pressure phase of BalrOs is the first known ferromagnet
that contains a 5d transition metal cation in a ternary oxide [1].
The iridate BalrOs is very similar with the ruthenate BaRuOs3 in
the structural and physical properties. There are three types of
hexagonal perovskite-type BaRuO3 reported, namely 9R, 4H, and
6H [2-5], where the number is the amount of BaOs layers in a unit
cell, and the R and H denote the rhombohedral (space group: R3m)
and hexagonal (space group: P63 /mmc) structures, respectively. In
one unit cell, the stacking sequence of BaO3 layers along the c-axis
is (hhc)s, (hc),, (hee), for the 9R, 4H, and 6H BaRuOs, respectively,
where the h and c are hexagonal close stacking and cubic close
stacking, respectively.

Being different from BaRuOs, BalrOs; crystallizes into the mono-
clinic structure. The ambient BalrO5 adopts the space group C2/m,
with a stacking sequence (hhc), along the c-axis [6]. Its crystal
structure is closely related to that of the 9R BaRuOQs, so it is denoted
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as 9M, due to the monoclinic structure. By treating the 9M BalrO3;
at 5 GPa and 1000 °C, we obtained the 6M BalrOs, with the space
group C2/c [7]. The crystal structure of the 6M BalrOj3 is similar
with that of the ambient SrirOs, with a stacking sequence (hcc),
along the c-axis [8]. We also obtained an uncertain structure of
BalrOs; at 3.3-4.0 GPa and 1000 °C at the same time [7]. Recently,
Cheng et al. found that this new form adapts a 5-layer structure,
with the space group C2/m [9]. We denoted this new polymorph
of BalrOs; as 5M, which is intervenient in the 9M and 6M forms.
Along the c-axis, the stacking sequence is hchcc in the 5M BalrOs.
The 9M BalrOs is a weak ferromagnet, with the Curie temper-
ature T, about 183 K [1,10]. It is the first known ferromagnet that
contains a 5d transition metal cation in a ternary oxide, which orig-
inates from spin polarization of Ir cations rather than spin cant-
ing [11,12]. The polycrystalline sample is a semiconductor [13],
with an obvious kink in the p-T curve that corresponds to the Curie
temperature T.. For the single crystal, along the c-axis that is the
high conductivity axis, the 9M BalrOs transforms to a more insulat-
ing phase below T, and then transforms to metallic and insulating
states at 80 K and 26 K, respectively [11,12]. This metal-insulator
transition is ascribed to the charge density wave (CDW) formation
in the 9M BalrOs, where the transition temperature Tcpy is equal
to about 26 K. Like the 6H BaRuOs3, the 6M BalrOs is an abnormal
metal, being deviated from the Fermi liquid behavior, following a
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Fig. 1. The x-ray diffraction patterns of the 9M and 5M BalrOs. The peaks of IrO,
impurity are indexed with the asterisks.

linear relationship of p versus T below 20 K [7]. Both magnetic sus-
ceptibility and specific heat data indicate that it is an exchange-
enhanced Pauli paramagnet, because of the electron-electron
correlation effect. Up to now, there are no reports about the phys-
ical properties of the 5M form. In this paper, we research the elec-
trical and magnetic properties of the 5M BalrOs.

2. Experiment

The 9M BalrO3 was synthesized by using the conventional solid-
state chemical reaction [14]. The starting materials were barium
carbonate and iridium metal of 99.9% purity. Stoichiometric
quantities of materials were mixed together, ground for about
30 min in an agate mortar, and placed into an Al,05 crucible.
Then the powder was calcined for about 12 h 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 two
intermediate grindings. The product was polycrystalline powder in
black.

A conventional cubic-anvil type high-pressure facility was used
to perform the high-pressure and high-temperature experiments.
The 9M BalrO3; material was pressed into a pellet of 5.0 mm
diameter, and then wrapped with gold foil to avoid contamination.
The pellet was put into an h-BN sleeve which was, in turn, inserted
into a graphite tube heater. Pyrophyllite was used as the pressure-
transmitting medium. The treating process was carried out at
4 GPa and 1000 °C for about 30 min, followed by a quench from
high temperature before pressure release, with the rate about
0.6 GPa/min. The product is the 5M BalrOs, which is black and hard
polycrystal.

The structures of our samples were checked by the powder x-
ray diffraction (XRD) with CuK, radiation at room temperature,
using a Rigaku diffractometer (MXP-AHP18). Fig. 1 shows the XRD
patterns of the 9M and 5M BalrOs. There are a few IrO, in the
5M BalrOs, indexed with the asterisks in Fig. 1. The existence of
IrO, is due to the partial decomposition of the 9M BalrOs, because
the precursor is pure [14]. IrO, is a paramagnetic metal, with very
small electrical resistivity and magnetic susceptibility in a large
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Fig. 2. Temperature dependence of electrical resistivity of the 5M BalrOs. The inset
shows the linear relationship of p versus T2.

temperature range [15,16]. So the effect of IrO, on the physical
properties of the 5M BalrOs is very small. In the 5M BalrOs, there
are also a few 9M BalrOs. The content of the 9M form does not
exceed 3% in the whole compound, so it can only produce a little
effect on the physical properties of the 5M BalrOs.

The measurement of temperature dependence of electrical re-
sistivity was performed by using the four-probe method with Ag
paste contacts on an Oxford Maglab measuring system in the
temperature range of 3-300 K. The relationships of magnetic sus-
ceptibility versus temperature were obtained using a SQUID mag-
netometer (Quantum Design, MPMS-5S) in the temperature range
of 5-300 K. Data were collected under both zero-field-cooled (ZFC)
and field-cooled (FC) conditions, with the magnetic field H = 0.1T.
The magnetic field dependences of magnetization were measured
from —3 to 3 T at different temperatures. The heat-capacity mea-
surement was carried out using a heat pulse relaxation technique
by a commercial heat capacity measuring system (Quantum De-
sign, PPMS equipment) in the temperature range of 2-30 K. The
sample was mounted on a thin alumina plate with grease for bet-
ter thermal contact.

3. Results and discussion

The temperature dependence of electrical resistivity of the 5M
BalrOs is shown in Fig. 2. The 5M BalrO; maintains the metallic
behavior down to the lowest temperature in our experiment. The
electrical resistivity does not show the linear dependence of tem-
perature above 100 K, as predicated by normal Bloch extended
band theory based on phonon scattering mechanism. There is an
obvious turning point at about 52 K in the p-T curve, which cor-
responds to the Curie temperature T, indicated with an arrow
in Fig. 2. The relationship of electrical resistivity versus temper-
ature of the 5M BalrOs is similar to that of the cubic BaRuOs [17,
18]. The electrical resistivity below T, approximately follows the
equation p = pg + AT?, which indicates that the 5M BalrOs is a
normal Fermi-liquid metal. The linear relationship of electrical re-
sistivity versus T? is shown in the inset of Fig. 2. Through fitting
the p-T curve, the py of 0.6271(2) mS2 cm and A of 9.50(1) x
107> m&2cm/K? are obtained. The residual resistivity ratio (RRR =
0300 k / Pr—0) for the 5M BalrOs is approximately equal to 3. The po
and RRR for the 5M BalrOs are approximately equal to those of the
6M BalrOs [7]. According to the crystal structure, the metallicity of
the 5M BalrO3 should be better than the 6M form, because the pro-
portion of direct Ir-Ir interaction in the former is larger than that
in the latter [9,7]. But, due to the 9M BalrOs5 impurity, the influence
of crystal boundary to electrical property in the 5M BalrOs is larger
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Fig. 3. Temperature dependences of magnetic susceptibility of the 5M BalrOs. The
inset shows the M-H curves at different temperatures.

than that in the 6M BalrOs, which gives rise to worse metallicity of
the 5M form.

The wave function of the 5d orbitals is highly extended, so
the oxide iridates should be metallic. However, although the short
Ir-Ir distance in the Ir;04, trioctahedron is propitious to metallic
behavior, the 9M BalrOs; is not a metal at low temperature [11,13].
The strong antiferromagnetic exchange interaction between the
adjacent Ir cations binds the activity of electrons, like that in the
9R BaRuOs. Cao et al. thought that the twisting and distortion
of the Ir30; trioctahedron reduce the bandwidth, and give rise
to the non-metallic behavior [11]. In the 5M BalrQOs, two Ir,0g
dioctahedrons connect each other through the O ions in the
corner, and then the two dioctahedrons and one IrOg octahedron
arrange alternately along the c-axis. The binding of Ir-Ir exchange
interaction to the electrons in the Ir,Oq9 dioctahedron is weaker
than that in the Ir;0q, trioctahedron of the 9M BalrOs, and the
degree of twisting and distortion of the former is less than that
of the latter, according to the XRD patterns [9]. For the small
distortion in crystal structure and high extendability of orbital
wave function, the 5M BalrO; behaves with a metallic property,
like the 6M BalrOs3 [7].

Fig. 3 shows the temperature dependences of magnetic
susceptibility of the 5M BalrOs in the range of 5-300 K. The 5M
BalrOs is weak ferromagnetic, with the T, 54.3 K. There is another
transition from ferromagnetism to paramagnetism at about 183
K, indicated with an arrow in Fig. 3, which is attributed to the
9M form impurity in the 5M BalrOs;. The M-H curves at 5 and
200 K are shown in the inset of Fig. 3. The hysteresis loop at
5 K indicates the weak ferromagnetism, and the small values of
magnetic moment are consistent with the small susceptibility.
The straight M-H relationship at 200 K indicates that the sample
completely transfers to a paramagnet, although the 5M BalrO3 has
already become a paramagnet above 55 K. Sr,IrO4 and Srslr,07,
which adopt the distorted Ruddlesden-Popper structure [19,20],
are also weak ferromagnets, with T, values of about 240 and
285 K, respectively [21,22]. But they are not metals [21,22], like
the 9M BalrOs. Our present work adds one new metallic iridate of
the 5M BalrO; with weak ferromagnetism.

For the 5M BalrOs, the x data in the paramagnetic regions can
be fitted to the following equation:

S + xo(1 — AT?) (1)
X = T—o Xo )
where the parameter C, 6, and x, are the Curie constant, param-
agnetic Curie temperature, and the temperature independent sus-
ceptibility, respectively. A = (2k2/6){[N’(Er)/N(Eg)]*—[N" (Er)/
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Fig. 4. Low-temperature specific heat of the 5M BalrOs;. The inset shows the
relationship of C/T versus T2.

N(Er)]}, where N(Ef) is the density of states at Fermi level (Ef)
per atom, N’(Ef) and N”(Er) are its first and second energy
derivatives [23]. The effect magnetic moment .7 per Ir atom
is equal to 0.215(7)up, as obtained from C through the formula
Heit = 2.83+/C. The Wefr 18 less than the theoretic spin-only value
of about 1.73p for the t3,e? electronic state of Ir*" cation with
one unpaired 5d electron. The small Ir moments are also found for
the Ir** cation in the 9M BalrO3 (0.13/Ir) [11], the 6M BalrOs
(0.276 up/Ir) [7], the perovskite SrlrOs (0.117p/Ir) [24], Sr1rO4
(0.50p/Ir) [21], and Sr3Ir,07 (0.69up/Ir) [22]. The small value of
Mef indicates that the Ir*t cation partly loses the local moment,
which is attributed to the strong spin-orbit coupling in Ir cations
and the strong exchange interactions that lower the magnetization
of the sample between adjacent Ir cations in the polyoctahedrons.
The fitting xo and A are equal to 2.98(2) x 10™* emu/mol and
3.6(2) x 107K, respectively. The p. of the 6M BalrOs is larger
than that of the 5M form, because the proportion of IrOg octahe-
dron in the former is larger than that in the latter [7]. For the 5M
form, the paramagnetic Curie temperature 6 of 51(5) K is positive,
which is consistent with the weak ferromagnetism. So the weak
ferromagnetism below 54.3 K is the intrinsic property of the 5M
Ba[r03.

Up to now, there have been two different interpretations of
the weak ferromagnetism in the 9M BalrOs. In Refs. [1,10], the
authors thought that the spin canting between the two neigh-
boring Ir;01, trioctahedrons gives rise to weak ferromagnetism.
However, according to the data of a single crystal, Cao et al. thought
the 9M BalrQs is a true ferromagnetic material and its weak ferro-
magnetism originates from spin polarization rather than from spin
canting [11]. In the 5M BalrQs, the arrangement of Ir-Ir dimmer is
parallel in terms of the structural data [9]. The coupling of two Ir
cations is also antiferromagnetic in one Ir,0g dioctahedron, with
the resultant spin of S = 0. According to the interpretation of spin
canting, the 5M BalrOs; should be antiferromagnetic or paramag-
netic, being contrary to the present experimental results. So the
weak ferromagnetism of the 5M BalrOs originates from spin polar-
ization.

In order to investigate more about the physical property of the
5M BalrO3, we measured the low-temperature specific heat, with
the C-T curve in the range of 2-30 K being shown in Fig. 4. The
specific heat below 10 K can be fitted to the following equation:

C/T =y + BT? +6T*, (2)

where the first term is the electronic contribution, the second term
is the phonon contribution according to the Debye approximation,
and the third term is the deviation from the linear dispersion
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of the acoustic modes in the extended temperature range. The
relationship of C/T versus T? is shown in the inset of Fig. 4. The
Debye temperature ®p is equal to 253(1) K, as obtained from g
through the formula ®p = (1.944 x 10°p/B)'/3, where the atom
number per chemical formula unit (p) is equal to 5 for BalrOs. The
Sommerfeld constant y of 13.0(2) mJ/mol K? is obtained. The y
of the 5M BalrOs is larger than that of the 6M form [7], which
indicates that the metallicity of the former is better than that of
the latter, because the proportion of direct Ir-Ir interaction in the
former is larger than that in the latter.

The Wilson ratio Ry, of the 5M BalrOs is 1.67(4), as obtained
from xo and ythrough the formula Ry = 1/3(ks/us)*(xo/y)
[25]. The large Wilson ratio Ry, indicates the enhancement of elec-
tron-electron correlation, although the temperature independent
magnetic susceptibility yy is in the range of the free electron sys-
tem. The theoretic N(Er) of the 5M BalrO3; may be comparable to
that of the 9M form, for the same chemical composition and simi-
lar structure. We used the N (Er) of about 4.0 state/(eV - f.u.) as the
theoretic value [26], since no energy band structure calculation of
the 5M BalrOs has been performed. The theoretic Sommerfeld con-
stant y™ = 9.4 mJ/(mol - K?), as calculated from N(Er) through
the formula y™ = 72k2N(Eg)/3. The ratio of m*/mo(= y/y™)
is equal to 1.38 for the 5M form, so the Pauli paramagnetic sus-
ceptibility x, is equal to 1.21y, as obtained through the formula
Xo = Xp + Xai = xpl1 — 1/3(mg/m*)?], where xg; is the Lan-
dau diamagnetic susceptibility. According to this N(Ef), the theo-
retic Pauli paramagnetic susceptibility X;h is 1.29 x 10~* emu/mol,

as calculated from N (Er) through the formula x£h=,u§N (Er), which
is less than the experimental value. The Stoner enhancement fac-

tor S is 2.8, as obtained from x, and Xéh through the formula S =

Xp/Xéh = [1—IN(Er)]~', where I is the exchange integral that re-
flects the exchange splitting of energy band. The value of IN (Ef) is
equal to 0.64, which is in the range of electron-electron exchange
enhancement, being consistent with Ry,. According to the results
of magnetic susceptibility and specific heat, there is a modest elec-
tron-electron correlation in the 5M BalrOs.

4. Conclusions

In summary, the 5M BalrO3 was synthesized by using the high-
pressure and high-temperature method, and electrical resistivity,
magnetic susceptibility, and specific heat were obtained.The 5M
BalrOs is intervenient in the 9M and 6M forms in the structure and

physical properties. The measurements of electrical and magnetic
properties showed that the 5M BalrO; is a Fermi-Liquid metal
with weak ferromagnetism. Specific heat data indicate the modest
electron-electron correlation in the 5M BalrOs.
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