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The Sd magnetic oxide Ca3LiOsOg has a trigonal arrangement of its LiOsOg chains parallel to the c-direction and hence has
triangular arrangements of high-spin Os>* (d*) ions but exhibits no spin frustration and undergoes a long-range antiferromagnetic
ordering at a high temperature. The origin of this apparently puzzling observation was examined by evaluating the nearest-neighbor
Os—0O- - - O—Os spin exchange interactions of Ca;LiOsOg on the basis of density functional calculations. Our study shows that, of
the two nearest-neighbor interchain spin exchanges, one dominates over the other and that the intrachain spin exchange and the
dominating interchain spin exchange are strong and form a three-dimensional antiferromagnetic spin lattice with no spin frustration,
which is responsible for the long-range antiferromagnetic ordering of Ca3LiOsOg at high temperature. In determining the strengths
of the Os—O- + - O—Os exchange interactions of Ca;LiOsOg, the Lit and Ca*" ions of the O+ - +Li"++-Oand O---Ca*"-- -0

linkages are found to play only a minor role.

1. INTRODUCTION

Recently, Yamaura and co-workers have synthesized the 5d
magnetic oxide Ca;LiOsOg¢ containing high-spin 0s" (d*) ions
and characterized its magnetic properties." This compound,
crystallizing in a trigonal space group R3¢, has the K,CdCl-type
structure.” Namely, Ca3LiOsOg consists of LiOsOg chains made
up of the OsO4 octahedra and LiOg trigonal prisms, which
alternate by sharing their faces (Figure la). These LiOsOg
chains, parallel to the c-direction and separated by Ca*" ions,
have a trigonal packing arrangement (Figure 1b)." The Os>"
(d?) ions of Ca;LiOsOg are well separated from each other, but
the spin exchange interactions between their ions are strong
because Ca3LiOsOg4 undergoes a three-dimensional (3D) anti-
ferromagnetic (AFM) ordering at a high temperature (ie., 117
K)."' This implies that the spin exchange interactions between the
Os>* ions, which occur through the Os—O- +-O—Os super-
superexchange paths,” are strong. However, the trigonal arrange-
ment of the LiOsOg4 chains (Figure 1b) raises an interestin
question because it leads to triangular arrangements of the Os®
ions (see Section 3). A triangular spin lattice with nearest-
neighbor atomic force microscopy (AFM) spin exchange is spin
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frustrated* and is hence prevented from having a long-range
magnetic ordering. For a magnetic system with spin frustration, it
is generally expected that the ratio f = |6|/Ty, where 6 and Ty
are Curie—Weiss and Néel temperatures, respectively, is greater
than 6.** The f value for Ca;LiOsOg is much lower than this
critical value (ie, f~ 2.2, 0 = =260 K, Ty = 117 K). Similarly,
high 3D AFM ordering temperatures were reported for the Ru-
analogues of Ca;LiOsOg, namely, Sr;NaRuOg4 (Ty = 70 K),S
Sr;LiRuOg (T = 90 K),® Ca;NaRuOg (Ty = 90 K),>¢ and
Ca;LiRuOg (Ty = 120 K).° The high Ty and low f values of
Ca;3Li0sOyg indicate that it has very weak spin frustration, if any.
This in turn implies that triangles made up of AFM spin exchange
paths are absent in the spin lattice of Ca;LiOsOg although it has
triangular arrangements of the Os®" ions. This reasoning also
applies to the isostructural/isoelectronic magnetic oxides Sr3LiR-
uOg, SrzNaRuOg, CazNaRuOyg, and CazLiRuOg. To verify the
above implication, it is necessary to evaluate the spin exchanges
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Figure 1. Structural features of Ca;LiOsOg: (a) A perspective view of
an isolated LiOsOg chain made up of face-sharing OsOg octahedra and
LiOg octahedra, where the blue, red, and yellow circles represent the Os,
O, and Li atoms, respectively. (b) A projection view of Ca;LiOsOg along
the LiOsOg chain direction, where the green circles represent the
Ca atoms.

of Ca3LiOsOg¢ and to identify its spin lattice on the basis of
density functional calculations.

The oxygen atoms of the Os—O- - -O—Os exchange paths
make contacts with the Li* or Ca®" ions to form O« + -Li" -+ -O
andO---Ca*"-+-0 linkages. In the case of Cs,CuCly,” which is
made up of CuCl,>~ molecular complexes separated by Cs™
cations, the Cu—Cl---Cl—Cu spin exchanges are stron%ly
affected by the 6p orbitals of the Cs™ ions when two CuCl,*~
complexes plus the Cs* ions located between them have inver-
sion or mirror-plane of symmetry. In addition, the interchain spin
exchange interactions of cyano-bridged Ni*T/M** (M = Cr, Fe,
Co) chain complexes can be tuned by the size of the alkaline ion
A" (A = Li, K, Rb, Cs).® Therefore, it is of interest to examine
whether or not the Li" and Ca®" cations play a significant role in
making the Os—O - - O—Os spin exchange interactions strong.

In the present work we explore the aforementioned questions
about the magnetic properties of Ca3LiOsOg on the basis of
density functional calculations. We evaluate the strengths of
intrachain and interchain Os—O- - - O—Os spin exchange inter-
actions of Ca3LiOsOg by performing mapping analysis based on
density functional calculations.

2. COMPUTATIONAL DETAILS

In our density functional calculations for Ca;LiOsOg, for which only
the room-temperature crystal structure is known,' we employed the
projector augmented wave (PAW) method encoded in the Vienna ab
initio simulation package (VASP)? and the generalized gradient approx-
imation (GGA) of Perdew, Burke, and Ernzerhof'® for the exchan-
ge—correlation functional with the plane-wave cutoff energy of 500 eV
and a set of 80 k-point for the irreducible Brillouin zone. To examine the
effect of electron correlation in the Os 5d states, the GGA plus on-site
repulsion method ( GGA+U)"" was used with the effective U,gvalues of
0,2.5,and 4.0 eV. To investigate how strongly the orbitals of the Li* and
Ca®>" ions affect the Os—O- - -O—Os exchange interactions of Ca;.
LiOsOg, we studied the hypothetical systems Ca;A’OsOg (A’ = Na, K)
and A;LiOsOg (A = Mg, Sr), respectively, in which the Li* and Ca*"
ions of Ca3LiOsOg are replaced with other alkali and alkaline earth ions,
respectively, without changing the crystal structure of Ca;LiOsOé.

3. SPIN EXCHANGE INTERACTION AND SPIN LATTICE

Figure 2 shows the total density of states (DOS) and the
projected DOS (PDOS) for the Os Sd states, obtained for the
ferromagnetic state of Ca;LiOsOg by the GGA+U calculations
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Figure 2. (a) Plots of the total DOS and the PDOS for the Os 5d states
obtained for the ferromagnetic state of Ca3LiOsOg from the GGA+U
calculations with U.g = 2.5 eV. The PDOS plot for the Os 5d states
indicated by shading. The vertical axis represents the states/eV per six
FUs, and the horizontal axis is the energy in eV. The up- and down-spin
states are indicated by positive and negative DOS values, respectively.
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Figure 3. Pairs of OsOg octahedra associated with the intrchain spin
exchange J; and the interchain spin exchanges J, and J3, where the short
O- - - O contact distances are given in A.

with Ugg = 2.5 eV. The PDOS plot indicates that the filled up-
spin t,, bands are separated from the empty down-spin t,, bands
with a band gap, which is consistent with the experimental
finding that Ca3LiOsOg is a magnetic insulator with high-spin
Os*™. Though not shown, this finding is also true in the GGA+U
calculations with U,g = 0. These results agree with what Shi et al.
reported from their density functional calculations."

For the spin exchange interactions of Ca;LiOsOg, we consider
the nearest-neighbor intrachain spin exchange J; as well as the
nearest-neighbor interchain spin exchanges J, and J;. The pairs of
OsOg octahedra associated with these exchange paths are
depicted in Figure 3, and the Os-++Os and O- - -O distances
associated with these paths are listed in Table 1. The magnetic
orbitals of each Os®" ion site are represented by the ty orbitals of
its OsOg¢ octahedron, in which the Os 5d orbitals are combined
with the 2p orbitals of the surrounding O ligands (hereafter the O
2p tails) to make sr*-antibonding orbitals.'> The spin exchange
between two adjacent Os>* ions are determined by the overlap
between their t,, orbitals, which is in turn determined by the
overlap between their O 2p tails in the O+ - +O contacts.’

How the exchange paths J;—]; are arranged in a unit cell of
Ca;3LiOsOg is depicted in Figure 44, and an extended view of this
arrangement is presented in Figure 4b. To evaluate the values of
J1— ], we first determine the relative energies of the four ordered
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Table 1. Geometrical Parameters Associated with the Spin
Exchange Paths J;—J; in Ca3LiOsOg4 and Values of J;—J; in
meV Obtained From GGA+-U Calculations

geometrical parameters spin exchange

Os--:0s(A) 0.--:0(A) Ug=0eV Ug=25eV Ug=4eV

T 5.390 3.142 (x 3) —9.11 —4.42 —2.75
L 5.648 2892 (x1)  —3.97 —1.82 —1.09
Is 6.448 2988 (x 1)  —1.05 —0.28 —0.12

AF2 AF3
(-410, -184) (-567, -267)

(0, 0) (-353, -153)

Figure 4. (a) Os—O- - -O—Os spin exchange paths J;—J; in Ca;LiO-
$Og defined by using one unit cell (containing six Os atoms), where only
the Os atoms are shown for simplicity, and the numbers 1—3 refer to
J1—J3 respectively. (b) Pattern of how the exchange paths J, —J; occur in
Ca3LiOsOg, where each LiOsOg chain is represented by two Os atoms
(blue circles), and the numbers 1—3 refer to J;—]Js, respectively. (c)
Four ordered spin arrangements of Ca;LiOsOg used to extract the J;—J3
values by mapping analysis, where the two numbers in each parentheses
from left to right refer to the relative energies (in meV per six FUs), with
respect to the ferromagnetic state, obtained from GGA+U calculations
with Ugg = 0 and 2.5 eV, respectively.

spin states depicted in Figure 4c on the basis of GGA+U
calculations with Ug = 0 and 2.5 eV. The relative energies of
these states obtained from our GGA+-U calculations are sum-
marized in Figure 4c. In terms of the spin Hamiltonian
I:I=—2i<j],»j§i-§j, where J; = J; — J5, the total spin exchange
energies of these states per six formula units (FUs) are expressed
as

Egm 6], — 18], — 18]3)(N?*/4)
2, + 6], + 6]3) (N?/4)
6], — 6], + 6J3)(N*/4)

6]1 + 18], — 18]3)(N*/4)

- (1)

Expp =

= (
Exmn = (
(

Exr3 (

by using the energy expressions obtained for spin dimers with N
unpaired spins per spin site (in the present case, N = 3)."* Thus,
by mapping the relative energies of the four spin ordered states
onto the corresponding energies expected from the total spin
exchange energies, we obtain the values of J;—J; summarized in
Table 1.

To see how reasonable the calculated spin exchange para-
meters are, we calculate the Curie—Weiss temperature 0. In the
mean field theory,"* the € for Ca;LiOsOy is related to the spin
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Figure S. Three-dimensional antiferromagnetic spin lattice of Ca;LiO-
sOg made up of the interchain exchanges J; (cyan cylinder) and J, (white
cylinders), where the Os>" (d®) sites with different spins are distin-
guished by red and blue circles. The weak interchain exchanges J3
(dashed line) occur between the blue circles in every quadrangle made
up of four J, exchanges. Only one J; is shown for simplicity.

exchange parameters as follows:

_ S8+ o S+ 6h+6)5)
0= 3kg Y~ 4k

(2)

i

where the summation runs over all nearest neighbors of a given
spin site, z; is the number of nearest-neighbors connected by the
spin exchange parameter J;, and S is the spin quantum number of
each spin site (i.e., S = 3/2). Thus, the 0 value is estimated to be
—701, —311, and —185 K by using the spin exchange parameters
from the GGA+U calculations with U.g = 0, 2.5, and 4.0 eV,
respectively. The experimental 6 value of —260 K is reasonably
well reproduced by the J;—J; values obtained from the use of U.g
= 2.5 eV. Thus, hereafter, our discussion will be based on the
results from the calculations with U.g = 2.5 eV.

Our calculations show that the spin exchanges J;—J; of
Ca;LiOsOg are all AFM, ] is the strongest spin exchange, ||/
|Ji| &~ 04, and |J5|/|Ji] & 0.06. Thus, the spin exchange
interactions of Ca3LiOsOg are dominated by the intrachain
exchange J; and the interchain exchange J,, both of which are
strong. As depicted in Figure 5, the exchanges J; and ], give rise to
the 3D AFM spin lattice that contains only rings made up of four
exchange paths: four J,’s, two J;’s plus two J,’s, and one J; plus
three J,’s. Since this spin lattice does not contain any triangle made
up of J; and J,, there is no spin frustration in this 3D AFM spin
lattice. The interchain exchange J3 introduces weak spin frustration
in every (J;, J», J5) triangle, but this effect should be negligible
because 5 is very weak compared with J; and J,. (If J; were as strong
as J,, then the resulting spin lattice would be strongly spin
frustrated, as can be seen from Figure S.) Thus, the 3D AFM spin
lattice made up of J; and J, explains why Ca3LiOsOg undergoes a
long-range AFM ordering at a high temperature (T = 117 K)
despite its trigonal crystal structure' and also why Ca;LiOsOg
shows no major structural change at Ti."

4. EFFECT OF LI AND CA*" IONS ON SPIN EXCHANGE

To examine the involvement of the orbitals of the Li" and
Ca*" cations in the spin exchange interactions of Ca3LiOsOg, we
first inspect the PDOS plots calculated for the Li 2s/2p orbitals
and for the Ca 4s/4p/3d orbitals (Figure 6). These plots indicate
the presence of some Lit 2s/2p and Ca*t 4s/4p/3d orbital
contributions in the up-spin t,; 5d block bands of Ca;LiOsOs.
This indicates that the Li ™ and Ca®" cations participate into the
spin exchange interactions between the Os" ions. Incidentally,
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Figure 6. PDOS plots of (a) the Li 2s/2p and (b) the Ca 4s/4p/3d states
obtained for the ferromagnetic state of Ca3LiOsOg from the GGA+U
calculations with U.g = 2.5 eV. The vertical axis represents the states/eV
per atom and the horizontal axis the energy in eV. The up- and down-spin
states are indicated by positive and negative DOS values, respectively.

Table 2. Values of the Spin Exchange Parameters J;—J; in
meV of Caz;A'OsOg and A;LiOsOg Obtained from GGA+U
Calculations with Ugg = 2.5 eV

Ca;A’0sO4 A =Li A’ =Na A=K
A —4.42 —4.02 —3.14
I —1.82 —1.90 —2.08
I8 —0.28 —-0.29 —0.32

A;LiOsOg Mg Ca Sr
A —247 —4.42 —5.04
I —-1.77 —1.82 —1.70
J5 —0.15 —0.28 —0.27

it is interesting to note that, of the 4s, 4p and 3d orbitals of the
Ca”" ions, the 3d orbital contributes more strongly than do the
4s and 4p orbitals. A related observation to note is that the 3d
orbitals of Ca are essential in producing the interlayer band of
CaCg'® important for its superconductivity.

To further probe the participation of the Li" and Ca®* cations in
the spin exchanges of Ca;LiOsOg, we evaluate the spin exchange
parameters J;—J; for the hypothetical structures A;LiOsOg4 (A =
Mg, Sr) in which the alkaline earth ions A** occupy the Ca®" sites
of Ca;Li0sOg as well as those for the Ca;A’OsOg (A’ = Na, K) in
which the alkali elements A’ ™ occupy the Li™ sites of Ca;LiOsO.
Our results, summarized in Table 2, show that when the Li' ions
are replaced with other alkali cations A’ 7, the intrachain exchange
Ji becomes weaker with increasing the size of A’ and the
interchain exchanges ], and J3 are more weakly affected. Likewise,
when the Ca?" cations of Ca3LiOsOg are replaced with other
alkaline earth cations A>™, J1 becomes stronger with increasing the
A*" cation size, and J, and J; are more weakly affected. Never-
theless, the trend in the relative strengths, |J;| > |J>| > |J| found for
Ca;Li0sOg, remains unchanged in Ca;A’OsOg and A;LiOsOg.
These observations indicate that, in determining the strengths of
the Os—O- - - O—Os exchange interactions, the overlap between
the two magnetic orbitals of the two Os™" sites is governed largely
by the overlap between their O 2p orbital tails® present on the
O- -+ O contact. The orbitals of the Li" and Ca®" cations in the
O---Li"-++0 and O---Ca”"-+-O linkages do not play a
crucial role.

5. DISCUSSION

It should be emphasized that the 3D AFM spin lattice of
Figure S is possible because, of the two nearest-neighbor

interchain exchanges, one dominates over the other one (..,
[l2| > |Js]). If both interchain exchanges were comparable in
magnitude, then the spin lattice of CazLiOsOs would be highly
spin frustrated, as expected from its trigonal crystal structure. The
high magnetic-ordering temperatures found for the Ru-analo-
gues of Ca3LiOsOg, i.e., Sr3LiRuOg, Srs3NaRuOg, CazNaRuOg,
and Ca;LiRuQOg can be similarly explained.

In the Os—O- - - O—Os spin exchange paths of Ca3LiOsO,
the O+ - - O contact is shorter for the ], path than for the J; path
(2.892 vs 2.988 A, Figure 3), which makes J, stronger than J.
Although the J; path has alonger O+« - O contact distance than
does the ], path (3.142 vs 2.892 A), ], is stronger than J,. This is
understandable because the J; path has three O+ - O contacts
between the two OsOg octahedra so that the O 2p tails of their
magnetic orbitals overlap significantly, whereas the ], path has
only one short O+ - - O contact. The O+ - - O contact distance of
J1 will increase when Lit is replaced with Na', and I, will
increase when Ca®" is replaced with Sr**. The increase in the
O- - - O contact distance will decrease the overlap between the O
2p tails involved. Thus, in the Ru-analogues of Ca;LiOsOg, the
3D AFM ordering temperature decreases in the order CazLiR-
uOg¢ (Tx =120K) > Sr3LiRuOg (T = 90 K), CasNaRuOg4 (T =
90 K) > SrsNaRuOy (Ty = 70 K).>¢

6. CONCLUDING REMARKS

The spin exchanges of Ca;LiOsOg are dominated by the
intrachain exchange J; and the interchain exchange J,, which are
strong and form a 3D AFM spin lattice with no spin frustration.
The latter explains why Ca3LiOsOg has a long-range AFM
ordering at a high temperature (Ty = 117 K) although it consists
of triangular arrangements of Os”" ions. This AFM spin lattice
with no spin frustration arises from the fact that, of the two
nearest-neighbor interchain exchanges, one dominates over the
other (i.e,, 2| > |J3|). The high magnetic-ordering temperatures
of the Ru-analogues of Ca3LiOsOg, i.e., Sr3LiRuQOg, Sr3NaRuOg,
CazNaRuOyg, and Ca;LiRuOg, can be similarly accounted for. In
determining the strengths of the Os—O-+-O—Os exchange
interactions of Ca;LiOsOg, the orbitals of the Li" and Ca*" ions
inthe O-+-Li"+-+Oand O--+Ca”" -+ - O linkages do not play
an important role.
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