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Ostnium oxides splitting of the t;, band.

Na,0s04 crystals were grown by a NaCl flux method under high pressure. It crystallizes in the Ca,IrO4-
type structure without having additional elements or metal vacancies, which are usually accom-
modated. It appears that Na,0sO, is a metal-stoichiometric Ca,IrO4-type compound never been
synthesized to date. Na,0sO, has the octahedral environment of 0s6*Og so that the electronic
configuration is 5d?, suggesting the magnetic S=1 ground state. However, magnetization, electrical
resistivity, and specific heat measurements indicated that the non-magnetic S=0 state is much likely for
Na,0s04 than the S=1 state. Band structure calculations and the structure analysis found that the
disagreement is probably due to the statically uniaxial compression of the OsOg octahedra, resulting in

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The prototype compound Ca,IrO4 was described to have “an
exceptionally aesthetic crystal structure” in a review article by
Miiller-Buschbaum in 2003 [1]. This is probably because of the
highly artistic projection of the infinite chains comprising IrOg
octahedra connected by sharing those edges [2-6]. The chains are
well separated from each other in a hexagonal symmetry. In our
opinion, Ca,IrO,4 exactly deserves the words.

As suggested by Miiller-Buschbaum, fairly few analogue oxides
of Ca,IrO4 were thus far synthesized, such as (Ln,Na),IrO4 (Ln=Gd,
Y, Tb, Ho, Dy, Er) [7], Ba3Ti306(B03)2 [8], K3Nb306(BO3)2 [9],
(Sr,A)6Biz012 (A=K, Na) [10], and K53Ta3B,04, [11]. To the best of
our knowledge, only the prototype Ca,IrO4 crystallizes in the
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structure without having additional elements such as above.
However, Ca,IrO4 apparently accommodates a substantial amount
of Ca vacancies and the comparable compound CasIr;0, seems to
be studied instead [2-4]. In turn, the aesthetic structure view is
valid only for an ideal compound Ca,IrO4, which has never been
synthesized to date.

As mentioned, the ideal structure is highly anisotropic, therefore
a remarkable quasi-one dimensional magnetism can be expected if
it is magnetically active. Besides, unusually anisotropic electrical
conductivity can also be expected if it is electrically active. Because
both are significant subjects in condensed matter science, we have
been searching for additional Ca,IrO4-type compounds which are
active magnetically or electrically.

Recently, in a course of our studies of the Na-Os-O system
[12,13], we apparently synthesized a new Ca,lrO4-type compound
Na,0s04 under a high-pressure condition. Careful analysis of the
structure and the composition revealed that metal-vacancies are
quite little. No additional elements were used to synthesize the
compound. Na,0sO4 thus can be considered as a metal-stoichio-
metric Ca,IrO4-type compound never been synthesized to date. The
crystal has the octahedral environment of Os®*Og so that the
electronic configuration is 5d?, suggesting the magnetic S=1 ground
state. In this paper, we report the crystal growth, the crystal
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structure, and the magnetic and electrical properties of the newly
synthesized compound.

2. Experimental

Polycrystalline Na,OsO4 was synthesized by means of solid-
state reaction under high-pressure. Powders of NaO, (97%,
Sigma-Aldrich) and OsO, (Os—84.0%, Alfa Aesar, lot. 039497)
were carefully mixed at 15 mol% Na-rich stoichiometry in an Ar-
filled dry box, followed by placing into an Au capsule. The capsule
was heated at 900 °C for 2.5 h in a high-pressure apparatus, which
is capable of maintaining 6 GPa during heating. The capsule was
then quenched in the press to ambient temperature before
releasing the pressure. The sample was rinsed in water using a
sonic bath for few minutes to remove residual ingredients,
followed by repeating the rinse. The rinsed powders were dried
in air at 140 °C for 10 min. The final products were qualitatively
analyzed by a powder X-ray diffraction (XRD) method using CuKo
radiation in a commercial apparatus (RINT 2200V, RIGAKU),
confirming absence of impurities in the sample. The powder was
compressed at 6 GPa without heating to form a dense pellet for
specific heat (C,) measurements. It should be noted that
preliminary samples heated at much higher temperature com-
prised mainly the perovskite phase NaOsOs; [12], and other
preliminary samples prepared without excess Na,O, contained
non-trivial amount of OsO.

Single-crystals of Na,0sO,4 were grown by a NaCl flux method
using the polycrystalline sample in the high-pressure apparatus.
The polycrystalline Na,0sO4 was placed in a Pt capsule with
0.1 mol% of NaCl (99.99%, Rare metallic Co.). The Pt capsule was

Fig. 1. (a) Photograph of a crystal of Na,0sO4 and (b) a structure view. Fat solid
lines indicate the hexagonal unit cell.

Table 1

Crystallographic data and structure refinement for Na,0s04.

403

Empirical formula Nay0s04

Formula weight 300.18 g/mol

Temperature 290K

Wavelength MoKo. (0.71073 A)

Crystal system Hexagonal

Space group P—62m (no. 189)

Unit cell dimensions a=9.6133(3)A
c=3.1567(3) A

Cell volume 252.64(3) A3

z 3

Density, calculated 5.919 g/cm?

Crystal size (mm)

0.12 x 0.08 x 0.08

hkl range —-16<h<17, —16<k<17, -5<1<5
20max 80.32
Linear absorption coeff. 37.95mm™!
Absorption correction Multi-scan (SADABS; Bruker, 1999)
Tinin/ Tmax 0.1656/0.3695
No. of reflections 5528
Rint 0.0287
No. independent 628
reflections

No. observed reflections
F (000)

560[F, > 46(F,)]
390

R factors
Weighting scheme

3.00% (R;) 6.81% (WR>)
w=1/[c*(F3)+(0.0363P)*+0.16P],
P=(Max(F2)+2F2)/3

[—0.90, 5.43] e/A®

SHELXL-97

Diff. Fourier residues
Refinement software

then heated at 1600°C for 2.5h at 6GPa. The capsule was
quenched to ambient temperature before releasing the pressure.
The crystals grew as shiny hexagonal rods as shown in Fig. 1a.
Perhaps, a small degree of temperature gradient in the Pt capsule
played an essential role in growth of the crystal, as was for
NaOsOs [12] and NaV,04 [14].

The crystal structure of Na,0sO; was determined by a
single-crystal XRD method at ambient temperature and pressure.
A crystal of Na;0s0,4 was mounted on the end of a fine glass fiber
on a diffractometer equipped with an area-detector (SMART
APEX, Bruker). Monochromatic MoKo (4=0.71073 A) radiation
was used. Conditions of the analysis are presented in Table 1. The
software packages SMART and SAINT+ were used for the data
acquisition and the data extraction/reduction, respectively [15].
An empirical absorption correction was made by the software
SADABS [15]. Structure parameters refinement was conducted
on the F? data by a full-matrix least-squares method using
SHELXL-97 [16].

Another crystal was studied by an electron probe micro-
analysis (EPMA) (JXA-8500F, JEOL) at the acceleration voltage of
15kV. Contaminations such as Au/Pt were confirmed below the
EPMA background level. The mean metal ratio at 5 points in the
sole crystal was Na/Os=2.05(6), suggesting a stoichiometric metal
composition. The oxygen content of the crystal was not measured
by a chemical method to avoid possible production of the highly
toxic 0sO4. Throughout the present study, we assume that the
oxygen component is stoichiometric.

Electrical resistivity (p) of a selected single-crystal was
measured by a four-point method with a dc gauge current of
0.01 mA in a commercial apparatus (Physical Properties Measure-
ment System, Quantum Design) between 2 and 300K. Electrical
contacts on the four locations were prepared by gold wires and
silver paste. C, was measured by a time-relaxation method using
the polycrystalline pellet in the apparatus between 2 and 300K.
Magnetic properties were studied in a commercial magnetometer
(Magnetic Properties Measurement System, Quantum Design)
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using multiple single crystals randomly oriented in a sample
holder between 2 and 350K. Sample holder contribution was
carefully subtracted. Applied magnetic field was +50kOe or
weaker.

3. Results and discussion

Structural refinements were conducted using the XRD data.
We employed the structural model proposed for Ca,IrO4 [6] as an
initial model, and apparently we succeeded in obtaining a
reasonable solution with R factors lower than 7%. The final
solutions are summarized in Tables 2 and 3, and calculated bond
lengths and bond valence sums are in Table 4. It should be noted
that a relatively large Fourier residue found in the analysis
(+5.43e/A%) is due to nature of the heavy metal (Os, atomic
number: 76). Usually, the value is often smaller than
approximately [atomic number]/10e/A> at a 0.6-1.2A distance
if the structure model is reasonable, hence the present value at
0.6 A seems to be in a normal range for Os ( < ~7.6 e/A3).

On the way to reach the final solution, we paid large attention
on the Na occupancy factor because Ca vacancies at the same
crystallographic site (1a site in Wyckoff position) were found to
be substantial in the prototype compound Ca,IrO, [2-4]. First, we
fixed the 1a occupancy factor at zero, resulted in only unsatisfac-

Table 2
Structure parameters of Na0sOg4.

Site Wyckoff position X y z Uts,
Os 3f 0.32963(2) 0 0 0.0129(1)
Nal la 0 0 0 0.020(1)
Na2 2d 1/3 2/3 0.5 0.025(1)
Na3 3g 0.6943(4) 0 0.5 0.020(1)
01 3g 0.1935(5) 0 0.5 0.018(1)
02 3g 0.4580(5) 0 0.5 0.017(1)
03 6j 0.4308(5) 0.2127(4) 0 0.031(1)

Table 3

Anisotropic displacement parameters (A%) of Na,0sO..
Atom U1 Us, Uss U
Os 0.01341(10) 0.01360(12) 0.01176(12) 0.00680(6)
Nal 0.0215(16) 0.0215(16) 0.017(3) 0.0107(8)
Na2 0.0265(17) 0.0265(17) 0.023(3) 0.0133(8)
Na3 0.0205(10) 0.0229(19) 0.018(2) 0.0115(10)
01 0.0151(15) 0.020(3) 0.022(4) 0.0099(13)
02 0.0164(15) 0.026(3) 0.014(3) 0.0129(13)
03 0.049(3) 0.0147(14) 0.0131(19) 0.004(2)

U,3=U,3=0 for all the atoms.

Table 4

Bond lengths, | (A), and bond valence sums, BVS [17],% in Nay0sO4.
Bonds I and BVS Bonds I and BVS
0s-03 (x2) 1.772(3) Na2-03 ( x 6) 2.519(4)
0s-02 (x2) 2.004(3) Na2-02 ( x 3) 2.8043(8)
0s-01 (x 2) 2.050(3) BVS(Na2) 1.06
BVS(Os) 6.07 Na3-02 2.271(7)
Na1-01 ( x 6) 2.440(4) Na3-03 ( x 4) 2.411(4)
BVS(Na1l) 1.06 Na3-01 (x2) 2.575(3)

BVS(Na3) 1.29

3 BVS=Xv;, vi=exp[(Ro—1;)/B], B=0.37, Ro(Na*)=1.80, and Ro(0s®*)=1.925. The
Ro(0s®*) was estimated by a linear extrapolation from the experimental values of
Ro(0s**) and Ro(0s®*) [18].

tory solutions. We then investigated a difference Fourier map and
found that an atom is obviously at the 1a site. Afterwards, we
unfixed the occupancy factor of the 1a site, leading a remarkable
improvement of the refinement quality. The occupancy factor was
0.99(2), indicating that the 1a site is fully occupied by Na. Thus,
we fixed the occupancy factor of Nal (1a site) fully occupied in
the last refinement. Because no unusual thermal parameters were
detected (Table 3), the EPMA result is consistent with the
stoichiometric Na concentration, and the bond valance sums
(Table 4) are consistent with the expectation, we believe that the
crystal of Na,0OsQO, is highly stoichiometric in metals, unlike what
was found for Ca,IrO,.

Fig. 1b shows a projection of the crystal structure along the
chain direction. The chain comprising OsOg octahedra runs along
the c-axis by sharing those edges. The chains are well-separated
from each other by Na atoms (the inter-chain Os-Os distance is
5.58 A, being 1.77 times longer than the intra-chain Os-Os
distance). The local chain structure is depicted in Fig. 2a. We
found the octahedral OsOg distorts uniaxially in a notable way:
the shortest and longest Os—0 bonds are 16% different in distance
(see Fig. 2b), being remarkable than 3.2% for Ca,_,IrO4 [3].
Because of the large magnitude of the axial compression, we
expected that the degeneracy of the 5d,, and 5d,, (5d,,) orbital is
broken, as sketched out in Fig. 2c. The axial compression along z
direction (defined parallel to the Os-03 bond) should render the

Crystal Field Splitting

Axial compression

Fig. 2. (a) Local structure of the chain and (b) the OsOg octahedra. Numbers are
bond distances in A and bond angles in degrees. (c) 5d bands scheme expected for
Na,0s0,.
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Fig. 3. Magnetic field dependence of the magnetization and (inset) temperature
dependence of the magnetic susceptibility of Na,0sO4.

5d,, level lower in energy than the 5d,, and 5d,, levels. Thus, it is
reasonable to expect that the magnetic ground state is S=0
(5dZ,5d),5d2,) rather than S=1 (5d,5d),5d), or 5dy,5d,5d],).

Temperature dependence of the magnetic susceptibility
(x) is shown in the inset to Fig. 3. The sample consisted
of randomly oriented crystals measured. It is obvious that y is
nearly temperature-independent with a small magnitude of
~1 x 10~*emu/mol, suggesting a spin moment is almost absent.
This well accords with the non-magnetic model (S=0). The broad
and small upturn in low temperature was observed in additions to
the weak separation between the ZFC and FC curves. This is
possibly due to a surface matter, where axial compression may be
relaxed and spins emerge restrictively. Otherwise, undetected
magnetic impurities such as NaOsOs [12] or Na30sOs [19] may be
locally formed and account for the temperature dependence.

Although the 5K magnetization curve shows a positive
curvature (Fig. 3), it likely reflects the impurities contribution
because it is fairly small ( < ~3 x 1073 ug/Os). Alternatively, it is
possible that a transition from the S=0 state to the S=1 state is
gradually induced in the applied magnetic field, accounting for
the positive curvature. Further high-magnetic field studies can
correctly estimate the possible magnetic activation. The observed
properties are rather consistent with the non-magnetic picture
(S=0) than the magnetic picture (S=1).

Fig. 4 shows p of the Na,0sO4 crystal measured along the
chain (c-axis). As the crystal is a hexagonal rod, the chain runs
along the longitudinal direction as found for Ca,_,IrO4 [2]. Over
the studied range between 2 and 300K, p continuously increases
as T decreases as expected for a semiconducting feature, while p
at room temperature is relatively low (~4.5Qcm). To further
analyze the temperature dependence, the data are plotted in the
variable range hopping (VRH) form. The VRH plot appears to be
almost linear, suggesting that the VRH conduction is dominant in
the charge transport of Na;0s04.

Fig. 5 shows temperature and magnetic field dependence of C,
of Na,0s04. We analyzed the low-temperature C, by applying the
approximated Debye model C(T)/T=T?+7, where f is a coefficient
and 7y is the electronic-specific-heat coefficient. The analysis is
expected to be valid in the low temperature range T < < Tp (the
Debye temperature). The C,/T vs. T> plot below 4.5K indeed
appear to be linear as expected (see inset to Fig. 5), hence we fit to
the part, yielding f§ of 3.50(8) x 10~4Jmol~'K~* and y of 2.1(1)
mJmol~'K~2 We obtained Tp of 339(2)K from the B. C, in a
magnetic field of 70kOe was analyzed as well, yielding S of

7K
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1 1 1 1 1 1
102 N o o
O o
O o
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Fig. 4. Temperature dependence of the electrical resistivity of Na,0sO4 along the
chain direction, plotted in p vs. T~ '(top axis) and p vs. T~'/* (bottom axis).
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Fig. 5. Lattice specific heat of Na,0s0,. Line and curves indicate fits to the 0 kOe
data.

4.38(8)x 10~4Jmol~'K~* [Tp of 314(2)K] and y of 1.9(1)m]
mol~'K~2, indicating that the magnetic field dependence of the
thermo-dynamical parameters is insignificant. This well accords
with the non-magnetic picture.

Subsequently, the entire part of the C, (<300K) was
quantitatively analyzed by using a linear combination of the
Debye model, the Einstein model, and the electronic specific heat,
as it successfully fit to C;, of the osmium oxides, including KOs,0¢
and Rb0Os,0¢ [20]. The data are plotted in the lattice specific heat
(Cp—yT)/T3 vs. T in Fig. 5. The analytical formula was

3 Tp/T  ydpx
C(T)=np x 9N kg (,[l) / de-i—ng
D

0o (e¥=1)?

Tk 2 ele/T
X 3NAkB (T) m + /T,
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where N, is Avogadro’s constant, kg is Boltzmann’s constant, and Tg
is the Einstein temperature. The scale factors np and ng correspond
to the number of vibrating modes per the formula unit in the Debye
and the Einstein models, respectively. Fit to the data yielded Tp of
244(2)K, Tg of 61.9(8)K, np of 2.66(7), and ng of 0.062(3). The
Einstein contribution appears as a broad peak in the lattice plot. The
non-trivial Einstein term suggests that anharmonic lattice dynamics
somewhat exist in Na,0sO4 To further investigate the lattice
specific heat, C;, was measured in the magnetic field of 70kOe as
well. The fits to the data yielded Ty of 236(3)K, T of 59(1)K, np of
2.56(8), and ng of 0.045(3), indicating little change. The insignificant
magnetic field dependence of G, is in a good accordance with the
non-magnetic picture. Additional studies are needed to identify the
origin of the possible anharmonic dynamics in Na,0sO4.

We studied the electronic structure of Na;OsO,4 using the local
density approximation (LDA) [21] of density functional theory
[22]. We used WIEN2k package [23], which is based on a full-
potential augmented-plane-wave method. Experimental lattice
parameters and atomic coordinates were used with the atomic
radii of 2.0, 1.8, and 1.7 a.u. for Na, Os, and O, respectively. The
cut-off wave-number K for wave functions in interstitial region
was set to RK=7, where R is the smallest atomic sphere radius. The
integration over Brillouin zone was performed by a tetrahedron
method with 144 k-points in the irreducible Brillouin zone.

EI'Na , . ,
14 ;

—
3]

[ 03

SR RN O RN O RO N EON O

| 02

DOS (states/eV cell)

(%)

=)
._]
o
=
B

-8 -6 -4 -2 0 2
Energy (eV)

Fig. 6. Non-magnetic DOS of Na,0sO, with SO couplings. Dotted line indicates the
valence band top.

We calculated density of state (DOS) with spin-orbit (SO)
couplings because they possibly affect qualitatively and quantita-
tively the electronic structure, as extensively discussed for the 5d
oxide SrpIrO4 [24]. As a result, we did not see any remarkable
differences in the solutions with and without the SO couplings
unlike what was found for Sr,IrO4. The DOS shown in Fig. 6 was
calculated with the SO couplings. We found the Os t, -bands
distribute between —1.0 and 1.2 eV, and it is notable that a gap
opens at the top of the valence band in the t,, structure. The gap
was found without considering any spin arrangements, indicating
that the crystal is semiconducting or insulating in nature. Thus,
the static structure origin, i.e. axial compression of the 0sOg
octahedra (see Figs. 2a-c), is most likely responsible for the gap
opening. Because of the gapped electronic structure, the nominal
configuration of 0s®* with 5d? is reasonably expected to form a
paired electrons in the 5d xy orbital (see Fig. 2c), resulting in the
non-magnetic ground state of S=0.

4. Conclusions

The first principles calculation suggested the non-magnetic
ground state (S=0) for the 5d? oxide Na,0sO, rather than the
magnetic state (S=1), and it is indeed consistent with the
observed properties. The structure analysis and the first principles
study suggested that the uniaxial compression of the 0sOg
octahedra is essential to establish the non-magnetic state. Unlike
what was observed for such as d*(high-spin), d’, and d° oxides,
Jahn-Teller effect alone unlikely accounts for the local distortion
[25]. Since we have quite few 5d oxides to display such the
dramatically uniaxial compression effect in magnetism, Na,0s04
thus provides valuable opportunities to advance further under-
standing of nature of the 5d oxides.

Although a band-gap at the valence band top was found in the
trg DOS structure, small y (~2mJmol~'K~2) was actually
detected at the lowest temperature limit, indicating small DOS
remains. The observed VRH conduction is probably related to the
residual DOS, in which charge carriers are largely scattered by
disorder. The small disagreement between the observed and the
calculated DOS at the valence band top is an issue left for future
study. It would also be interesting to investigate the crystal under
physical or chemical pressures because those may change the
degree of the uniaxial compression, resulting in appearance of the
magnetic S=1 state. Because magnetism of the well-separated
chains in the hexagonal arrangement is of great interest, further
studies toward activating the magnetism state are in progress.
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