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Abstract: Crystals of the newly synthesized compound Ca;zLiOsOg were grown by a flux method using
LiCl and KCI, followed by single-crystal X-ray diffraction (XRD), low-temperature powder XRD, and
measurements of ac and dc magnetic susceptibility and specific heat. The data indicate that CazLiOsOg
has a fully opened electronic gap with an antiferromagnetic ordered state, consistent with suggestions
from the first-principles study. The observed magnetic transition temperature is 117 K, too high to be caused
only by a direct spin—spin interaction. It appears that the original superexchange magnetic path Os—0O—0s
is absent; thus, the extended superexchange path (Os—0)—(0O—0s) can be expected to be responsible
for the 117 K magnetic order. If this is true, CasLiOsOs would be highly valuable to study the nature of
extended superexchange magnetic interactions in solids.

1. Introduction

Superexchange magnetic interaction was first proposed by
Kramers in the 1930s* and refined by Anderson? in 1950.
The magnetic interaction model was further developed by
Goodenough and others® The model is often called the
“Goodenough—Kanamori rule’, and it is useful to predict
features of a magnetic interaction between two next-nearest-
neighbor cations through a nonmagnetic anion not only quali-
tatively but also quantitatively. For example, the magnetic
properties of the perovskite-based transition metal (Tr) oxide
are well-characterized by the model.®> A model of the magnetic
interaction through multiple oxygen atoms (extended superex-
change interaction) seems, however, is not as well-devel oped,
although leading experimental and theoretical studies were
conducted to some extent on several 3d oxides, including Cu—O
chain compounds, (VO),P,0;, VO(HPO,)-0.5H,0, and
Cu,Te;0sX, (X = Cl, Br).* 7 The 3d oxides contain not only
the extended superexchange interaction but also the original
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superexchange interaction (M—0O—M); thus, analysis of the
magnetism and the interactionsis often complicated. A magnetic
system solely comprising a magnetic path through multiple
oxygen atoms is therefore highly expected to promote under-
standing of the nature of the extended superexchange interaction
in oxides.

In our studies of several osmium oxides, including NaOsOs
(a possible room-temperature Slater insulator)® and Na,0sO,,°
we obtained a crystal having the composition CagliOsOg,
probably for the first time. The crystal structure was successfully
identified by single-crystal X-ray diffraction (XRD) to be of
the K,CdClg type.’® Afterward, we learned that K,CdClg-type
oxides form alarge family (the general formulais often written
as AsA’MOg),** and many of them show unusua magnetic
properties, such as a random ferromagnetic (FM) and antifer-
romagnetic (AF) interplay between quantum effects and disorder
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in SrsCu(Pt,Ir)0g,*? * and magnetic frustration in a partially
disordered antiferromagnetic (PDA) state in CasC0,06 (Ty =
25 K)** 1 and CagColrOs (Ty = 30 K).° Hence, we focused
on the magnetic properties of the newly synthesized compound
CagLiOsOs.

At the beginning, we looked at the magnetic properties of
the family, including SrsLnNiOg (Ln = Sc, In, Tm, Yb, and
Lu; no magnetic order above 6 K),* SrsPoNiOg (Ty = 6 K),?
SraLnCrOg (LN = Sc, In, Lu, Yb, Tm, Er, Ho, and Y; the highest
Ty of the seriesis ~15 K),%32* Sr3NiRhOg (T; = 45 K and T
= 10 K in a PDA date),® SrsMgRhOs (Ty = 13 K),*®
SrsCaRhO; (Ty = 7 K),%” SraLnRhOg (LN =Y, S, In, Sm, Ev,
Er, Tb, Yb, Ho, and Dy; no magnetic order above 5 K),2%°
SryRhOg (Ty = 7 K),*° CagCoRhOg (T, = 90K and T, = 30 K
in a PDA state),3* CagCuRhOg (Ty = 15 K),*? SrsLiRhOg and
SrsNaRhOg (no magnetic order above 5 K),3 SrsLiRuOg (Ty
= 90 K),** SrsNaRuOs (Ty = 70 K),3* CagNaRuOs (Ty = 90
K),>*% CagLiRuOs (Ty = 120 K),** Sr3ZnlrOs (no magnetic
order above 10 K),* SrsCulrOg (Tc = 40 K),*” Sr3NilrOg (a
singlet ground state below 15 K),*” Sr,IrOg (Ty = 12 K),38°
SrsMgIrOg (Ty = 13 K),* SrsCdIrOg (Ty = 22 K),* SrsCalrOg
(Ty = 14 K),* CagCulrOg (Ty = 15 K),* CaylrOg (Ty = 16
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K),** Cas_xNirOg (the highest Ty of the series is ~13 K),*?
CagNalrOg (magnetic properties were unreported),*® CagMgIrOg
and CasZnlrOs (magnetic properties were unreported),**
Sr3ZNnPtOg (Nonmagnetic),* SrNiPtOs (no magnetic order above
1.8 K),%54® Sr3CoPtOs (Ty = 1.4 K),*® and Sr,4PtOg (nonmag-
netic).*” The above compounds are listed in the order of M =
3d, 4d, and 5d atoms. Severa non-d-electron members were
also studied aswell, such as BasNaM Og (M = Nb,*® Ta,*® Bi*9),
SrsNaMOg (M = Nb,*° Ta,*° Bi,* Sb®"), and SrsLiBiOg.*°

Throughout the survey, we found that SrsLiRuQOs, SrsNaRuOg,
CagNaRuOg, and CagliRuOg are outstanding with regard to the
magnetic transition temperature: they evidently show an AF
transition between 70 and 120 K, remarkably high for this
family. Here we present a generalized image of the crystal
structure of the family:** The K,CdClg-type oxide consists of
infinite magnetic chainsin atriangular arrangement. Each chain
consists of octahedral MOg and trigonal prism A’Os, which are
connected by sharing their polyhedral faces. The infinite
magnetic chains are separated well by A atoms; thus, the
complex magnetic properties often include low-dimensional
magnetism, geometrical frustration, and aternate-chain mag-
netism of MOg and A’Os. Nevertheless, the Ru oxides AzA’RuOg
(A = Srand Ca; A’ = Li and Na) show a conventional long-
range AF order (some show a weak ferromagnetism, but the
AF order is intrinsic) at unusually high temperature without
remarkable low-dimensional magnetism, geometrical frustration,
and alternate-chain magnetism. The Ty of 120 K reported for
CagLiRuOs is the highest recorded for the family. The three-
dimensional (3D) AF order was confirmed by a neutron-
diffraction study.>* It is apparent that AsA’RuQg is far different
from other members, regarding the nature of the magnetism;
however, the origin of the exceptiona magnetism remains
unrevealed.®*

In this study, we found that the newly synthesized Cagl.iOsOg
shows an analogous AF transition at 117 K, implying that the
AF order is not due to the nature of Ru but likely is due to the
common electronic configuration ty,® (S = 3/2), regardless of
4d and 5d. Based on studies of CaLiTrOg (Tr = Ru and Os),
it ismost likely that the extended superexchange interaction is
responsible for the 117 K AF order. If thisis true, CagliOsOg
aswell as CagLiRuOg can be valuable for further studies of the
extended superexchange interaction in solids.

2. Experimental Section

Single crystals of CagliOsOg were grown through two major
steps. The first step was to prepare polycrystalline Cag0s0g.%% We
started the synthesis with the preparation of CaO, powder: CaCl,
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Figure 1. (ab) Photographs of flux-grown single crystals of CagLiOsOs. (c) The crystal structure of CagliOsOg Viewed along the c-axis: gray spheres, Ca
atoms; small spheres, O atoms; polyhedra, LiOg trigonal prisms or OsOg octahedra; solid lines, the trigonal unit cell. (d) Alternating array of LiOs trigonal
prisms and OsOg octahedra in the chain: solid spheres, Os atoms; gray spheres, Li atoms; open spheres, O atoms.

(High Purity Chemicals, 99.9+%) was dissolved in 300 mL of
water, followed by dropwise addition of ammonia solution and H,O,
solution. The precipitate was filtered and washed with water,
followed by drying in oxygen, giving a white powder. Next,
stoichiometric amounts of CaO, and Os (Koch Chemicals, 99.999%)
were thoroughly mixed in an Ar-filled glovebox, and the mixture
was placed in a Pt capsule. The capsule was heated in a belt-type
pressure apparatus for 1 h. The elevated pressure and temperature
were 6 GPaand 1500 °C, respectively. The capsule was then cooled
to room temperature before releasing the pressure. The quality of
the product was studied by a powder XRD method using Cu Ko
radiation in a commercial apparatus (RINT 2200V, Rigaku),
confirming the absence of major impurities.

The second step was to grow crystals of CagliOsOs. Powders
of Cag0s0g, LiCl (Sigma-Aldrich, 99.99+ %), and KCl (Rare
Metallic, 99.9%) were mixed at an approximate massratio of 1:5:2
in a glovebox. The mixture was placed in a Pt crucible, seaed in
an evacuated silica tube, and heated at 750 °C for 12 h. The fina
product was immersed in water for 3 h and washed well with fresh
water for afew minutes. The crystals grew as shiny hexagonal black
rods or platelets, as shown in Figure 1a,b. Subsequently, polycrys-
talline CagliOsOs Was synthesized by means of a solid-state reaction
from CaO (lab-made),>® Os, Li,O (Aldrich, 97%), and KCIO,

(53) Yamaura, K.; Shirako, Y.; Kojitani, H.; Arai, M.; Young, D. P,
Akaogi, M.; Nakashima, M.; Katsumata, T.; Inaguma, Y .; Takayama-
Muromachi, E. J. Am. Chem. Soc. 2009, 31, 2722.
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(Kishida Chemical, 99.5%). The stoichiometric mixture was placed
in a Pt crucible and sealed in an evacuated quartz tube, followed
by heating at 700 °C for 20 h. The polycrystalline CagLiOsOg was
subjected to alow-temperature XRD study. It should be stated that
the above steps were initially designed to grow crystals of CagOsOs
using LiCl and KCI flux; however, the crystals obtained were
actually not what we intended to grow. The possibility of growing
crystals of CagliOsOg under pressure was thus uninvestigated.
The crystal structure of CagliOsOs was determined by a single-
crystal XRD method at ambient temperature and pressure. A crystal
of CagliOsOs was mounted on the end of a fine glass fiber in a
diffractometer equipped with an area detector (SMART APEX,
Bruker). Monochromatic Mo Ka. (4 = 0.71073 A) radiation was
used. The analysis conditions used are shown in Table 1. The
software SMART and SAINT+ were employed for data acquisition
and extraction/reduction, respectively.>* An empirical absorption
correction was accomplished by using the software SADABS.>*
Structure parameters were refined by a full-matrix |east-squares
method on the F? data using SHEL XL-97.%° The oxygen content
of the crystal was not measured by a chemical method to avoid
possible production of the highly toxic OsO,. Throughout the
present study, we assume that the oxygen component is stoichio-

(54) SMART, SAINT+, and SADABS Packages; Bruker Analytical X-ray
Systems Inc.: Madison, WI, 2002.

(55) Sheldrick, G. M. SHELXL-97, Program for the Solution and Refine-
ment of Crystal Structures; University of Gottingen: Gottingen,
Germany, 1997.
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Table 1. Crystallographic Data and Structure Refinement for CazLiOsOg

empirical formula CagliOsOq

formula weight 413.38 g/mol
temperature 290 K

radiation Mo Ka (0.71073 A)
crystal system trigonal

space group R3c (No. 167)

unit cell dimensions

a=92738(2) A

¢ = 10.7801(4) A

cell volume
z 6
density, calculated
crystal size (mm)

5.129 g/cm®
0.16 x 0.10 x 0.10

802.91(4) A3

h k| range -16<h=<16 -13<k=<16 —-19=<1=<19
20max 80.92

linear absorption coeff. 26.65 mm*

absorption correction multiscan (SADABS, Bruker, 1999)

Tonind Trmax 0.0280/0.1180

no. of reflections 5940

Rint 0.0459

no. independent reflections 569

no. observed reflections
F(000)

R factors @

weighting scheme

diff. Fourier residues
refinement software

1122

557 [Fo > 40(Fo)]

2.18% (Ry[Fo > 40(F,)]), 5.90% (WRy)

w = U[o4F) + (0.0307P)2 + 3.67P], where P = (Max(F.d + 2F2)/3
[—2.08, 4.93] &/A3

SHELXL-97

2 The more than double difference in the R factors is probably due to the weighting scheme used in the analysis. The large difference was observed

aso in the analysis of an analogous compound.**

Table 2. Structure Parameters and Anisotropic Displacement Parameters (A?) of CazLiOsOg

site Wyckoff position X y z Ueq
Os 6b 0 0 0 0.0079(12)
Ca 18e 0.64570(6) 0 0.25 0.0107(2)
O 36f 0.0277(2) 0.8442(2) 0.39427(16) 0.0128(3)
Li 6a 0 0 0.25 0.025(4)
atom Usy Uz Uss Uro Uss Uz
Os 0.00836(10) 0.00836(10) 0.00704(12) 0.00418(5) 0.00000 0.00000
Ca 0.01129(17) 0.0110(2) 0.0096(2) 0.00551(11) —0.00043(7) —0.00087(15)
O 0.0162(6) 0.0120(6) 0.0114(6) 0.0080(5) 0.0001(5) —0.0025(5)
Li 0.028(7) 0.028(7) 0.019(9) 0.014(3) 0.00000 0.00000

metric. As a reference, several K,CdClg-type oxides were investi-
gated by neutron diffraction and thermogravimetric methods, and
the oxygen nonstoichiometry was found to be fairly little.?>34

The thermal evolution of the unit cell of CagliOsOg was studied
by powder XRD between 30 and 300 K in a commercial XRD
instrument (MO3XHF22, Mac Science). The polycrystalline powder
sample and a nearly equal amount of Si powder (NIST standard
640c) were mixed well, and the mixture was spread on a thin coat
of grease (Apiezon N) on athin glass sheet. The glass was mounted
on a cold stage of the instrument. Monochromatic radiation (Cu
Ka) was used in the 20 range between 16 and 82°. At every
temperature point, 20 was calibrated by using tabulated data of
the thermal expansivity of Si.>®

The dc magnetic susceptibility (x) of an amount of crystals (21.0
mg) was measured in a commercia instrument (Quantum Design
MPMS) between 2 and 350 K in applied fields of 0.1, 1, and 10
kOe. The crystals were loosely gathered in a sample holder and
cooled to the low-temperature limit. The magnetic field was then
applied to the crystals, and the crystals were slowly warmed to
350 K (zero-field cooling, ZFC), followed by cooling in the field
(field cooling, FC). Isothermal magnetization was measured in the
instrument at 5, 115, and 300 K between —10 and 10 kOe. In order
to study the crystal direction dependence of y, asingle crystal (0.252
mg, measured in a microbalance) was studied as well.

(56) Batchelder, D. N.; Simmonss, R. O. J. Chem. Phys. 1964, 41, 2324.

The ac magnetic susceptibility (= y” — iy”) of CasLiOsOs was
measured in the vicinity of the magnetic transition temperature in
the MPMS. An ac field was applied to an amount of the crystals
(8.2 mg) without magnetic shielding; the applied ac field was thus
superimposed on the Earth’ s field of ~300 mOe. The amplitude of
the applied ac field (Hy) was 0.1, 0.3, 1, and 3 Oe, and the
fundamental frequency (f) was 10, 132, 500, and 1000 Hz.

The specific heat (Cp) of an amount of crystals (3.6 mg) was
measured in a commercial instrument (Quantum Design PPMS)
between 3 and 300 K, with and without an applied field of 50 kOe.

We tried to measure the electrical resistivity of a single crystal
of CagLiOsOg; however, it was too high to measure correctly. The
electrical resistance was greater than 0.2 x 10° Q at room
temperature.

The electronic structure of CagliOsOg was calculated within the
generalized gradient approximation® of density functional theory.
We used the WIEN2k program,>® which is based on full-potential
augmented plane-wave (APW) methods. The spin—orbit interaction
isincluded as a perturbation to the scalar-relativistic equations. The

(57) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865.

(58) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J.
WIEN2K, An Augmented Plane Wave + Local Orbitals Program for
Calculating Crystal Properties, Techn. Universitdt Wien: Vienna,
Austria, 2001.
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Table 3. Bond Lengths (A), Bond Valence Sums,? and Bond
Angles (Deg) in CasLiOsOg

bond bond length/ bond/ bond length/
BVS angle bond angle
Os—0 (x6) 1.9559(16) Os—Ca (x6) 3.1305(3)
BVS (Os) 4.73 Os—Li (x2) 2.6950(1)
Li—O (x6) 2.440(4) Os—O-Li 80.02(6)
BVS (Li) 0.77 O—0s—0 (x6) 89.46(7)
O—0s—-0 (x6) 90.54(7)
Ca—0 (x2) 2.3236(17) O0—0s—-0 (x3) 180
Ca—0 (x2) 2.4762(18) O-Li—0 (x6) 76.49(6)
Ca—0 (x2) 2.4848(17) O-Li—0 (x3) 89.90(8)
Ca—0 (x2) 2.7430(18) O-Li—0 (x3) 127.71(9)
BVS (Ca) 2.01 O—-Li—0 (x3) 149.02(9)

2BVS = Yv, vi = exp[(Ry — 1})/B], B = 0.37, Ro(Li") = 1.466,
Ry(Ca?*) = 1.967, and Ry(Os™") = 1.868.%

Figure 2. Coordination environments of Os and Li atoms in CagLiOsOs.
The numbers indicate the bond distances (A) and the bond angles (°).
cutoff wave vector K for APW basis sets was chosen as RK = 8,
where Ris smallest muffin-tin radius, i.e., 1.7 au, for oxygen atoms.
Integration over the Brillouin zone was approximated by a
tetrahedron method with 110 k-points in an irreducible zone.

3. Results

Crystal structure at room temperature was successfully
determined by the single-crystal X-ray method. Even though
we did not use an initial model, the solution indicated that the
trigonal (R3c) model is highly reasonable, as often observed
for K4CdCle-type oxides. The R factors decreased to areliable
level, 2.18% (R;) and 5.90% (WRy). In the analysis, we assumed
that al sites for metal and oxygen atoms are fully occupied.
We tested the assumption by investigating the thermal displace-
ment parameters and bond valence sums (BVSs).>>®° The
thermal parameters are neither unusually small nor large, and
BVS is not far from the expectation; thus, the assumption is
not far from the truth. Although a relatively large Fourier
residue, +4.93 e/A3, was observed, it remains within a normal
level because the residue is usually smaller than approximately
(atomic number)/10 e/A® a a 0.6—1.2 A distance for a
reasonable structural model. Hence, the present value for Os
(atomic number 76), at 0.61 A, is unnoticeable. The final
solutions are summarized in Table 2, and the calculated bond
lengths, bond angles, and BV Ss are listed in Table 3.

Figure 1c,d shows structural sketches drawn from the refined
solution. As reported for the K,CdCle-type oxides, it looks

(59) Brown, I. D. Acta Crystallogr. B 1977, 33, 1305.
(60) Yamaura, J.; Yonezawa, S.; Muraoka, Y .; Hiroi, Z. J. Solid State Chem.
2006, 179, 336.
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Figure 3. (a) Temperature dependence of the magnetic susceptibility of
single crystals (21.0 mg) of CagLiOsOg oriented randomly in applied fields
of 0.1, 1, and 10 kOe. Theinset shows the field dependence of the isothermal
magnetization at 5, 115, and 300 K. (b) Temperature dependence of the
magnetic susceptibility of single crystals (0.252 mg) of Cagl.iOsOg oriented
parallel (H]c) and perpendicular (H|jab) with respect to the applied field of
10 kOe. The inset shows an inverse plot of the magnetic susceptibility data
(10 kOe) for the multiple single crystals. The solid line corresponds to the
fit.

structurally anisotropic toward 1D. The chain, however, contains
not only the magnetic OsOs octahedra but a so the nonmagnetic
LiOg trigonal prisms, connected by sharing those faces alter-
nately along the c-axis (see Figure 1d). Because the Li atom is
incapable of mediating magnetic correlations between d elec-
trons of Os atoms according to the first-principles calculation
(shown later) and the nearest-neighbor Os atoms are rather
distant (5.39 A in the intrachain and 5.65 A in the interchain),
the magnetic interaction is expected to be rather feeble,
regardless of the structural anisotropy.

Figure 2 shows the local coordination of Osand Li determined
by the structure analysis. The atom Os** (5d°) is coordinated
by six oxygens, forming the octahedral OsOg; thus, the 5d state
is split into t,g and g, states due to the relatively large crystal
field of 10 Dg. Additionally, the octahedral OsOg does not have
notable distortions, suggesting that the t,q band is nearly half
filled (S = 3/2).2° The ty® configuration suggests that the
spin—orbital (SO) coupling is fairly weak, even in the strong
SO coupling limit, since orbital angular momentum vanishes
effectively (Lgt = 0). Thus, Sis expected to be a good quantum
member of CagLiOsOs, unlike for the related 5d oxide Sr,lrO,,
which has effective orbital and total magnetic momentum Ly
=1and Jest = 1/2.61'62

Figure 3a shows the magnetic properties of multiple crystals
of CagLiOsOg loosely gathered in a sample holder. It is notable
that the magnetic susceptibility increases steeply at ~120 K on
cooling, suggesting establishment of a long-range magnetic
order. To study this further, isothermal magnetization was
measured in the vicinity of and below and above the transition

(61) Kim, B. J; Jin, H.; Moon, S. J;; Kim, J.-Y.; Park, B.-G.; Leem, C. S,;
Yu, J; Noh, T. W.; Kim, C.; Oh, S.-J,; Park, J.-H.; Durairaj, V.; Cao,
G.; Rotenberg, E. Phys. Rev. Lett. 2008, 101, 076402.

(62) Kim, B. J.; Ohsumi, H.; Komesu, T.; Sekai, S.; Morita, T.; Takagi,
H.; Arima, T. Science 2009, 323, 1329.
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temperature. Systematic evolution of the sharp, step-like
magnetization curve was clearly observed, suggesting a soft
magnetism, with a small spontaneous magnetization. The
magnetization is smaller than 0.02 ug/Os at 5 K, corresponding
to only 0.7% of the expected magnetic moment of the fully
ordered S= 3/2 FM state. The magnetic data thus suggest that
CagliOsOg undergoes an AF transition at Ty ~ 120 K,
accompanying the weak magnetization most likely due to a
Dzyaoshinsky—Moriya interaction generated by the broken
inversion symmetry.%3

In order to further study the magnetism, we applied the
Curie—WEeiss law to analyze the paramagnetic part (>200 K),
as shown in the inset to Figure 3b. The analytical formula was
%(T) = Naue/37(T — O), where N, is the Avogadro constant
and Oy isthe Weiss temperature. The effective Bohr magneton
(uerr) Was estimated to be 3.81(1) ug, being fairly close to the
expected moment (3.87 ug) for the localized S = 3/2 system,
confirming the expected t,,® state (L«r = 0) for CagliOsOs. For
the double perovskite La,NaOsOg that has the isolated Os>* in
the octahedral environment, 3.87 ug was found,®* comparable
with the present result. The ©y was —260(4) K, suggesting
AF correlations are dominant in the spin system. Besides, the
result leads to |©w/Tx| ~ 2.2, implying that magnetic frustration
is very weak, in contrast to what was observed for the other
K 4CdClg-type oxides, 232

Figure 3b shows the crystal direction dependence of y. A
single crystal of CaliOsOs was used in the measurements
instead of multiple crystals. The crystal was set in a holder to
have the chain-direction (c-axis) parallel or perpendicular to the
applied field (10 kOe). The sample holder contribution was
carefully subtracted from the raw data. It is obvious that the
H|lab curve goes beyond the H||c curve, while the difference is
insignificant above Ty. Thus, it is clear that the magnetic
anisotropy is caused by AF ordering; however, the degree of
the magnetic anisotropy is fairly small, ~3 (ynja/xHjc a 5 K),
which is much smaller than for the other chain compounds.®®
The single-crystal magnetic dataimply that the ordered moments
are weakly collinear to the c-axis.

The magnetic features were further studied by measurements
of ac-y in the vicinity of the magnetic transition temperature.
The data are shown in Figure 4. At the magnetic transition point,
a sharp peak was clearly observed in both the real (Figure 44)
and the imaginary (Figure 4b) parts, suggesting that the AF
transition is likely a thermodynamic transition, in contrast to
what was observed for arelated compound.?” However, asmall
degree of peak shift is observed toward the high-temperature
side upon increasing the frequency of H,, suggesting a
magnetically glassy nature somewhat involved in the spin
system, probably caused by competition between many probably
magnetite interactions, as will be discussed later. A detailed
analysis of the frequency dependence isleft for future study. It
should be noted that the AF transition temperature is determined
to be 117.0 K by the peak top position of the imaginary part at
the lowest frequency. In addition, we also studied the magnitude
of the H. dependence of the peaks (Figure 4c,d). For clarifica-
tion, the peaks in the rea and the imaginary parts were
normalized in intensity (shown in the inset to Figure 4c,d,
respectively), confirming no visible shift.

(63) Moriya, T. Phys. Rev. 1960, 120, 91.

(64) Gemmill, W. R.; Smith, M. D.; Prozorov, R.; zur Loye, H.-C. Inorg.
Chem. 2005, 44, 2639.

(65) Stitzer, K. E.; Abed, A. E.; Darriet, J.; zur Loye, H.-C. J. Am. Chem.
Soc. 2001, 123, 8790.
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Figure 5. (8) Temperature dependence of the specific heat of multiple
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temperature limit of the data in the plot of Cy/T vs T2 (b) Plot of the data
for Cy/T® vs T. Theinset shows C, — Cs; and entropy change in the vicinity
of the magnetic transition temperature. Solid line and curves correspond to
the fit.

Figure 5a shows the temperature and magnetic field depen-
dence of C, of CagliOsOs between 2 and 300 K. Multiple
crystals (total amount 3.6 mg) were fixed by a small amount of
grease on a sample stage. The grease contribution to the C;
data was subtracted from the raw data. The data shown in Figure
5a clearly indicate a notable peak in the vicinity of Ty, reflecting

J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010 8479



ARTICLES

that the magnetic transition is of a bulk nature. The peak part
was roughly separated from the body of the C, data by applying
apolynomia function, as shown in the inset to Figure 5a (upper
left), allowing us to estimate the entropy change to be ~0.31R
(Ristheidea gas constant). This corresponds to only 22% of
the expected change (In 4R) for the ideal S= 3/2 system. It is
likely that much of the entropy is removed via short-range
ordering above Ty.

We analyzed the low-temperature part of C, (<15 K) by using
the approximate Debye model, C(T)/T = T2 + y, where 8 is
a coefficient and vy is the Sommerfeld coefficient. Consistent
with the model, the C,/T vs T2 plot indeed shows a line feature
(see the inset to Figure 5a) far below Tp (the Debye tempera-
ture). Fitting to the linear part yielded 8 = 2.91(5) x 104 J
mol~* K~*and y = 0.00(1) mJ mol % K~2, We obtained Tp =
419(2) K from this 8. The C, data measured in amagnetic field
of 50 kOe were analyzed as well, yielding 8 = 2.85(5) x 1074
Jmol~* K~*and y = 0.00(1) mJ mol ~* K~2; thus, Tp = 422(3)
K. The difference between the two sets of parameters is
insignificant, suggesting the absence of additional magnetic
contributions at the low temperature limit.

The entire C, was quantitatively analyzed by a linear
combination of the Debye model and the Einstein model, as it
successfully fits the C, data of several osmium oxides.®® The
data are plotted in the lattice specific heat, Cy/T vs T, in Figure
5b. The analytical formula was

3 A Xe

;
cm = nD9NAkB(T—D) A
TE 2 eTEIT
“ESNA"B(?) @ _ 1y

where N, is Avogadro’s constant, kg is the Boltzmann constant,
and Tg is the Einstein temperature. The scale factors np and ng
correspond to the number of vibrating modes per formula unit
in the Debye and Einstein models, respectively. Fit to the data
yielded Tp = 413(1) K, Te = 130(1) K, np = 9.61(7), and ne
= 0.285(9). The Einstein contribution appears as a broad hump
in the lattice plot. The small Einstein term possibly suggests
that anharmonic lattice dynamics exist somewhat in CagLiOsOg,
as discussed for the pyrochlore osmium oxides.®® To further
investigate the lattice dynamics, C, in the magnetic field of 50
kOe was analyzed as well: the fit yielded Tp = 414(2) K, T =
125(1) K, np = 9.62(8), and nz = 0.246(11), indicating little
change. Additional studies are needed to clarify the origin of
the hump in the lattice specific heat of CagliOsOg.

In the specific heat measurements, we observed a sharp peak
corresponding to the AF transition. However, it shows little
change in the 50 kOe field, suggesting that a nonmagnetic
transition might accompany the AF transition. We thus con-
ducted a low-temperature XRD study on CalLiOsO; to test a
possible structure change at Ty. The XRD patterns are shown
in Figure 6a in the order of the temperature where the
measurement was taken. We observed only a monotonic change
over Ty; such as a peak split and the appearance/disappearance
of small peaks, corresponding to superstructure formation, were
not detected above the XRD background, rejecting the possibility
of a mgjor structure change at Ty.

The change in lattice parameters was carefully deduced from
the XRD patterns. Figure 6b—d shows the thermal evolution
of the |attice parameters a and ¢ and the volume V of the trigonal

(66) Bruhwiler, M.; Kazekov, S. M.; Zhigadio, N. D.; Karpinski, J.; Batlogg,
B. Phys. Rev. B 2004, 70, 020503R.
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Figure 6. (a) XRD patterns for the polycrystalline CagLiOsOs measured
at a fixed temperature between 30 and 300 K. Circles indicate peaks from
Si standard mixed in the sample powder. Crosses indicate peaks from the
sample stage. The thermal evolution of the lattice parameters of (b) &, (c)
¢, and (d) the trigonal unit-cell volume, V, of CagLiOsOg is deduced from
the XRD profiles. The broken line corresponds to the magnetic transition
temperature.

unit cell, respectively. Above Ty, a, ¢, and V al change
monotonically; however, an anisotropic change occurs at Ty
The parameter a decreases continuously over Ty, while ¢ stops
decreasing at Ty upon cooling. This suggests a possible coupling
between the AF transition and the anisotropic structural change.
Considering the ordered spins collinear to the c-axis, 5d orbital
ordering may account for the possible coupling; otherwise, AF
magnetostriction, as found for NiO and Co0,%” may be
responsible for the lattice anomaly. To shed more light on the
issue, low-temperature neutron studies would be helpful.

4. Discussion and Conclusions

Regarding 3d oxides, SO coupling often has little effect on
the total magnetism. However, the situation is different for 5d
oxides, for which the SO coupling is approximately an order
of magnitude greater than that of a 3d oxide. It is thus highly
important to measure the contribution of the SO coupling in
order to understand the 5d magnetism correctly. Indeed, the SO
coupling plays a mgjor role in the magnetism of the 5d oxide
SrIr0,.54%% In CagliOsOs, every Os”" 5d° is octahedrally
coordinated by oxygen; thus, the t,® configuration
(504! 50" 5d,) is expected, indicating a nearly half-filled spin
state (S= 3/2). It is notable that the observed magnetic moment
of 3.81(1) us matches 99% with the expected spin moment,
indicating that the SO coupling contribution is indeed small.
At the strong limit of the SO coupling, the t,,® state has L = 0;
thus, the agreement seems to be reasonable.

For comparison, we looked at the magnetic properties of the
analogous 4d oxides having the t,,® configuration. We found
that the observed magnetic moments of Sr3LiRuOg, SraNaRuO,
CagNaRuOg, and CasLiRuOs range between 78% and 87% of
the expected spin moment for S= 3/2,3* not far from the result
for CagLiOsOe. This confirms that the t,,> Ru oxides have little
SO coupling contribution to the total magnetism, as for the Os
oxide. We also tried to survey the magnetic properties of
analogous 3d oxides such as AzA’FeOg (A = Srand Ca; A’ =

(67) Nakamichi, T.; Yamamoto, M. J. Phys. Soc. Jpn. 1961, 16, 126.
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Figure 7. Nonmagnetic (a,c) and antiferromagnetic (b,d) DOS of CagliOsOg (a,b) and CagLiRuOs (c,d). The energy of the highest occupied state is set to
zero. For the AF cases, the upper and lower panels show partial DOS for up and down spins, respectively. While the Os and O sites in the AF phase split
into two inequivalent sites labeled by (1) and (2), only Os(1) and O(1) are shown for clarity. The partial DOS for Os(2) and O(2) may be generated by
interchanging the spin up and down partial DOS for Os(1) and O(1), respectively.

Li and Na); however, it seems such compounds have not been
synthesized to date, unfortunately.

We calculated the electronic structures of CagLiOsOg from a
first-principles method. The total and partial densities of states
(DOS) for the nonmagnetic calculation are shown in Figure 7a
for CagLiOsOg. When spin-polarization isignored, they indicate
ametal with the Fermi energy in tyq bands, ranging from —0.6
to 0.6 eV. These states are derived from antibonding combina-
tion between the tyq orbital of Os atoms and the p, orbital of
neighboring oxygen atoms, while the bonding counterparts are
distributed around —7 to —5 eV. The g, states of Os are
distributed far above the Fermi level. The bandwidth of t,4 bands
is approximately 1.2 eV, narrower than for other typica Os
oxides. For example, the t,q bandwidth of the perovskite oxide
NaOsOj is larger than 3 eV.8 The smaller bandwidth is a direct
consequence of the local structure around Os atoms.

When magnetic ordering is taken into account, we obtained
a stable AF solution, which has lower energy than the
nonmagnetic one by —0.6 eV per Os atom. Magnetic moments
are mostly distributed on Os atoms with 1.4 ug per atom. From
hybridization between Os d and O p orbitals, O atoms contribute
small magnetic moments of +0.1 ug per atom, which are parallel
to that on the nearest Os atom. The calculated total and partial
DOS for the AF solution are shown in Figure 7b. We found

that the t,; bands are completely spin-polarized and the
compound is cal culated to be an insulator. The completely spin-
polarized t,y bands are consistent with the experimental observa-
tion. We also performed first-principles calculations for the
analogous 4d oxide CagLiRuOs, which shows a comparable
magnetic nature. The results are shown in Figure 7c,d, indicating
indeed a qualitatively comparable electronic structure.

Although the coulomb interaction is expected to be weak due
to the nature of the 5d orbital, the narrow t,y bands suggest that
correlation effects are important for CagLiOsOs. Therefore, from
the calculated electronic structure and experimental observation,
this compound can be considered as a 5d Mott insulator.®8%°
To date, only afew 5d oxides show Mott insulating behaviors;
hence, it is of high interest to investigate the electronic state of
CasLi0sO; by such methods as angular-resolved photoemission
spectroscopy and resonant X-ray scattering. Unlike what was
suggested for Sr,lrO,, the SO coupling contribution should be
little in the Mott insulating state of CagliOSOg.

We would like to discuss the magnetic interactions respon-
sible for the 117 K AF order in CagliOsOs. The magnetic
ordering temperature is remarkably high, 117 K, although the

(68) Mott, N. F. Proc. Phys. Soc., London, Sect. A 1949, 62, 416.
(69) Hubbard, J. Proc. R. Soc. London, Ser. A 1963, 276, 238.
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(a) The nearest neighbor Os-0O-0-0Os Intra-chain bond

by 539A [y
-

Figure 8. Selected possible superexchange magnetic paths through two oxygen atomsin CasLiOsOs: (&) the nearest-neighbor intrachain bond tag*—p,—p.—ta°
(b) the nearest-neighbor interchain bond tag®—p,—p.—tae®, and (c) the next-nearest-neighbor 180° interchain bond tag®—p,—po—tag.

magnetic system has no origina superexchange interaction path
such as Os—0O—0s. The distance between the nearest-neighbor
Osatomsis’5.39 A in the intrachain and 5.65 A in the interchain,
too far to establish the direct spin—spin interactions. Thus, we
need to consider a possible extension of the superexchange
magnetic interaction, which is capable of correlating spins
through multiple nonmagnetic anions, as was discussed by
Mizuno and Whangbo.*~” Figure 8 shows the nearest-neighbor
(Os—0)—(0O—0s) intrachain and interchain bonding and the
next-nearest-neighbor interchain bonding in CaLiOsOs. The
possible magnetic p,—p, intrachain bonding (Figure 8a) is at
an angle of 73° and a distance of 3.14 A, while the p,—p-
interchain bond (Figure 8b) is connected at an angle of 60° and
a distance of 2.89 A. In the bonds, electron transfer or partial
covaence may take place to some extent between neighboring
d orbitals through two 2p orbitals. Additionally, the possible
bonds p,—p, and p,—p, (ot shown for clarity) and the next-
nearest-neighbor bond (Figure 8c) should contribute somewhat
to the magnetic correlations. Although it is difficult to estimate

8482 J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010

the possible sign and intensity for every magnetic bond, it is
likely that the sum of the possible magnetic bonds is responsible
for the 117 K AF order.

From the viewpoint of Mott insulators, Anderson has
formulated the superexchange interaction using orthogonal
localized orbitals (Wannier orbitals).” This generalized theory
may be applicable to spatially separated orbitals. According to
this theory, the AF exchange coupling J is described as ~t%/U,
where t is the hopping matrix element between neighboring
localized orbitals and U is the Coulomb integral for alocalized
orbital. For CagLiOsOg, localized Wannier orbitals correspond-
ing to tyy bands would have moderate weights on the p, at
adjacent oxygen atoms. This picture is supported by the
calculated distribution of magnetic moments, as the oxygen
atoms in an OsOg octahedron have magnetic moments parallel
to that of the central Os atom. We may roughly estimate hopping
t as W2z, where W is the bandwidth and z is the number of

(70) Anderson, P. W. Phys. Rev. 1959, 115, 2.
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nearest-neighbor sites around a local orbital. For the present
case, t is estimated to be ~0.1 eV fromW= 1.5eV and z= 8.
If U is assumed to be 1-2 eV, J may be estimated to be a
reasonable value. Further quantitative theoretical consideration
of the newly synthesized 5d oxide CasLiOsOg as well asthe 4d
oxide CaLiRuOs may help to judge the possible model of
magnetic interaction through multiple oxygen atoms.

We considered the possibility that atrigonal ligand field splits
the tg triplet into an a4 singlet and an g, doublet in Cagl.iOSOe.
The orbitals &,y and g, are equally occupied, and magnetic
interaction is mainly from ayg, which has a larger overlap with
O atoms than e;. We tested this possibility with afirst-principles
study; however we were unable to judge clearly the splitting
picture. In order to practicaly test the possibility, it may be
helpful to study “CagLiRhOg” or “CaglilrOg", if those are
available, because &,y accommodates two paired electrons,
resulting in the electronic configuration for Rh®*(1r°%) aye? €2,
S= 1. Inthis configuration, magnetic correlations between the
neighboring TrOs octahedra may be terminated because there
are no states available for the electron transfer responsible for
the magnetic correlation. The compounds “CalLiRhOgs" and
“CagLilrOg” are thus expected to be magnetically different in
nature from “CagLiRuOs” and “CagliOsOg” if the splitting
picture is reasonable. Additional studies toward the synthesis
of “CagLiRhOg" and “CagLilrOg” are in progress.

In summary, we synthesized the osmium oxide CagLiOsOg
for the first time and successfully obtained single crystal's having
~0.6 mm size in the largest dimension. The crystal is highly
resistive electricaly, and its measured y is practically zero,
indicating that the electronic gap is fully opened. CagLiOsOg is

thus highly expected to be a Mott insulator, despite U being
much smaller than that of 3d oxides. First-principles calculation
indicated that the 5d bandwidth isindeed narrow, reflecting the
distant nature of the OsOg arrangement. The small W is probably
sufficient to open the gap in CagLiOsOs. In addition, we found
that the magnetic ground state is AF and the long-range order
is established at the remarkably high temperature of 117 K
(comparable with the so-far highest recorded for K,CdCls-type
magnetic oxides). Because the origina superexchange magnetic
interaction through Os—O—0Osis negligibly small in CagLiOsOs,
the observed order is likely due to the extended magnetic path
(Os—0)—(0—0s). If this is true, the newly synthesized
CagLiOsO¢ is valuable, along with CasLiRuOg, for further
studies of the extended superexchange magnetic interaction in
solids.
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