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The ternary cobalt oxide Sr@d,; is a magnetic metal
with uniaxial (i.e., Ising-like) magnetic properti&3.It is
isostructural with NayO:># and has three different cobalt
sites, Co(1), Co(2), and Co(3). The edge-sharing Ca(1)O
octahedra form Co(1s Kagomelayers, whereas the face-
sharing Co(2)@ octahedra form Co(2ps dimers. The
Co(2»09 dimers and Co(3)9trigonal bipyramids share
corners to form trigonal layers, which share corners with
the Co(1)Os layers such that the two types of layers alternate
along thec-direction (Figure 1). SrG®;; exhibits highly
anisotropic magnetic propertié3.The magnetizatioM as
a function of the magnetic fieldl shows a stepwise increase
whenH is parallel to thec-direction! given thatMs is the
saturation moment, thil vs H curve presents a plateau at
M = M43 asH increases up tbl ~ 2.5 T, and then a plateau
at M = Mg as H increases beyond-2.5 T. WhenH is
perpendicular to the-direction, the magnetization is quite
small and linear withH. By analogy with the uniaxial
magnetic oxide G&£0,06,>¢ Ishiwata et al. interpreted these
results by assuming that the Co(3)®igonal bipyramids
possess Ising-like spins, and tMy/3 plateau arises from
the triangular sublattices made up of Co(3)@igonal
bipyramids. The recent®Co NMR study of SrCaqOi;
reported that the Co(1) and Co(2) sites are nonmagnetic an

that the Co(3) sites are responsible for the magnetic moment

of SrCa0,1. The saturation momen¥ls of SrCg01; was
initially reported to be 2.7ug per formula unit (FU3 and
later revised to 4us/FU27 In this communication, we
examine the origin of the uniaxial magnetic properties of
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Figure 1. Polyhedral perspective view of Srgdi. The cyan, yellow,
and pink polyhedra represent the Co(d)&tahedra, Co(2)§octahedra,

and Co(3)@trigonal bipyramids, respectively. The red sphere represents a
Sr atom.

SrCa0,; on the basis of first-principles density functional
theory (DFT) electronic structure calculations for Sg0gq

to find that the uniaxial magnetic properties of SgOg, are
explained if its total moment per FU is close taginstead
of 4 Up.

We first consider the uniaxial magnetic properties of
SrCa01; from the viewpoint of the local electronic structures
of the Co(1), Co(2) and Co(3) sites. The bond valence sum
calculations for SrCgD1;* showed that the oxidation states
of Co(1), Co(2), and Co(3) are-3.6, +3.4, and+2.8,
respectively. Thus, the cobalt oxidation state is close¢ 30
for Co(3), which means the d-electron coufit dow-spin
Cao*" (d®) and high-spin C& (d’) ions at octahedral sites
give rise to anisotropic magnetic properfigdut cannot
cause uniaxial magnetic propertfebo a first approximation,
the octahedral sites Co(1) and Co(2) of SCq are
nonmagnetic sites.Therefore, the Co(1) and Co(2) sites
cannot be responsible for the uniaxial magnetic properties
of SrCa011. Analyses of crystal field and spirorbit
coupling (SOC) effects for transition metal ions at linear two-
coordinate, trigonal prism, and square pyramidal sites &how
that a high-spin 8lion has uniaxial magnetic properties if it
has a doubly degenerate d-block level and if this level is

q.mevenly filled (i.e., filled by three electrons). The d-block

evels of an isolated Co(3)Qrigonal bipyramid show the
sequencexzy?) < (xy/(x® — y?) < 2210 Thus, a high-spin
Co*t (d) ion at the Co(3) site has the electron configuration
(xz2y23(xy/(>x® — y?))4(z%)* with an unevenly filled degenerate
level (see Figure S1 of the Supporting Information), for
which S= 2 andL = 1 (from the viewpoint of crystal field
theory). Given the SOC interactioti-S (with negativel

for a more than half-filled d-shell), therefore, the orbital and
spin moments should be parallel in the ground state of the
spin—orbit coupled states so that the ground-state Kramers
doublet is described by, = +3 and henceAJ, = 6. An
external magnetic fielt splits this ground doublet whet

is parallel to the 3-fold rotational axis of the Co(3)@gonal
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Table 1. Total Moment of SrCos011 (per FU) and Net Spin 6.0 6.0
Moments of the Co Atoms (per Atom) Obtained from the GGA and 22 xy, x2-y?
GGA+U Calculations 3.0 3.0+
method tota Co(1) Co(2) Co(3) - §§ S 0 1%
3 00 o O

GGA 4.64 0.38 0.39 1.79 o u® 3

GGA 6.00 0.51 0.39 2.37 . é W0 }

GGA+U 4.01 0.34 0.08 1.33

1 ‘ 6.0 4 f ? J

aThere are one Co(3), two Co(2), and three Co(1) atoms per FU. The %07 . .
total moment per FU has contributions from the muffin-tin spheres 12 06 00 o6 12 30 15 0.0 15 30
representing the six Co and 11 O atoms as well as from the intersphere DOS (state/eV) DOS (state/eV)
region.

6.0
bipyramid (i.e., /¢-direction), but does not wheml is a0l X6 Y2
perpendicular to the-direction (i.e.,lJc-direction) because < #
AJ, > 18 Namely, a high-spin C9 () ion at the Co(3) = °° —
site with unevenly filled degenerate level provides uniaxial w ., 1
magnetic properties. In contrast, the low-sphetectron f ‘
configuration &z'y2*(xy/(x* — y?))? of the Co(3) site with 7 , ,
. . .0 1.5 0.0 1.5 3.0

no unevenly filled degenerate level (see Figure S1 of the DOS (state/eV)
Supporting Information), for whick= 1 andL = 0, cannot Figure 2. Partial DOS (per atom) plots of the d-orbital contributions of
cause uniaxial magnetic properties because 0. the Co(3) atom obtained from the GGA calculations with a total moment

. . . . of 6 er FU.
To describe the uniaxial magnetic properties of S@e fe P

on the basis of first-principles DFT electronic structure DOS plots for the d-orbitals of the Co(3) site reveal that the
calculations, we carried out calculations for the ferromagnetic local electronic structure of the Co(3) site is close neither to
state of SrCgOy; by employing the full-potential linearized  the high-spin 8configuration kzy2)*(xy/(x* — y?))*(z°)* nor
augmented plane wave local orbitals method-12 imple- to the low-spin @ configuration kzy2)*(xy/(x* — y?)).2 It is
mented in the WIEN2k cod@with the generalized gradient ~ close to the high-spin “dconfiguration zy2*(xy/(x* —
approximation (GGAY for the exchange-correlation func-  ¥?))(#)* (see Figure S4 of the Supporting Information). As
tional. We also performed SOC calculatiéhas well as  found for the low-spin 8iconfiguration kzy2*(xy/(x* — y?)),?
GGA+U? calculations withU = 0.4 Ry for all Co atoms.  the high-spin d configuration zy2*(xy/(x* — y?))%(z)*
The muffin-tin radii (Rs7) of 2.47 au for Sr, 1.81 au for Co, ~ cannot lead to nonzero SOC interactions because0. As

and 1.61 au for O were used. The irreducible wedge of the & consequence, the state with total moment of 468U
Brillouin zone was sampled with a 44 k-points mesh, and obtained from GGA calculations cannot explain the uniaxial

the plane-wave cutoff was set &yrKmax = 7. All our magnetic properties of Sr@01:. To see if this result is due
calculations show that Sr@dy; is a metal, e.g., see the tothe neglect of electron correlation in the GGA calculations,
density of states (DOS) plots obtained from the GGA Wwe carried out GGA-U calculations with no constraint on
calculations with total spin moment 4.64/FU and the  the total spin moment per FU. These G&M calculations
GGA+U calculations with total spin moment 4.Q&/FU lead to 4.0Jug/FU, and the corresponding partial DOS plots
(see Figures S2 and S3 of the Supporting Information). In for the d-orbitals of the Co(3) site show that the local
addition, all our calculations show that the net spin moment €lectronic structure of the Co(3) site is given by the low-
on Co(3) is much greater than that on Co(1) or Co(2) (Table spin & configuration kzy2)*(xy/(x* — y?))* (see Figure S5
1). These results are in good agreement with the experimentof the Supporting Information). In essence, the GGA and
The small net-spin moments calculated at the Co(1) and GGA+U calculations respectively predict the total moment
Co(2) sites should arise from the fact that their d-block bands slightly larger than and equal to 4s/FU reported for
are partially empty and become spin-polarized by the large SrCa011.>” However, these calculations cannot explain the
spin moments of the Co(3) atoms. In the following, our observed uniaxial magnetic properties. This failure led us
discussion will be focused on the origin of the uniaxial to speculate if the reported crystal structure of S@gis
magnetic properties of Sr@0;; and its consequence. accurate enough for the electronic structure description and
With no constraint on the total spin moment per FU, GGA N€nce prompted us to optimize the oxygen atom positions

calculations lead to 4.64g/FU, but the corresponding partial  ©f Sr€@Ou (with the unit-cell parameters frozen at the
experimental values) by performing GGA and GG&A

- . . _ calculations. However, the resulting optimized crystal struc-
(11) Sjostedt, E.; Nordstmm, L.; Singh, D. JSolid State Commur200Q .. .
114 1. tures are very similar to the experimental one, and hence

(12) Madr?en, G. K. H.; Blaha, P.; Schwarz, K.;"Sedt, E.; Nordsthm, provide the same results as found from the experimental
L. Phys. Re. B 2001, 64, 1951.
(13) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J. CryStal structure.

WIEN2k, An Augmented Plane WaPlus Local Orbitals Program Our search for the high-spirf donfiguration kz'y2)3(xy/
for Calculating Crystal PropertiesVienna University of Technol- (X2 — 2))2(22)1 for the 00(3) site shows that this local
ogy: Vienna, Austria, 2001. h . . . .
(14) pge)?dewy J. P.; Burke, K.; Emzerhof, Rhys. Re. Lett. 199§ 77, elec.tronlc stru_cturg is obtained if GGA calculations are
15 ?(865; 1. Nov&. P.: Divis M- O b VBhve. Re. B 200 carried out with fixed total moment of Gg/FU. The
( )G;nzecfsiil.ov . P.; Divi§ M.; Oppeneer, P. MPhys. Re. ! corresponding partial DOS plots for the d-orbitals of the

(16) Czyzyk, M. T.; Sawatzky, G. APhys. Re. B 1994 49, 14211. Co(3) site, presented in Figure 2, reveal that the up-sgn (
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Table 2. Total Moment of SrCa011 (per FU), Net Spin, and Orbital
Moments of the Co Atoms (per atom) Obtained from the
GGA+SOC and GGA+U+SOC?

method spin total Co(2) Co(2) Co(3)
GGA+SOC /e 3.98 0.37(0.01) 0.17(0.02) 1.70 (0.00)
Oc 3.23 0.32(0.03) 0.07(0.00) 1.51(0.06)
GGA+SOC /e 5.80 0.48(0.03) 0.38(0.05) 2.32(0.14)
Oc 5.80 0.49(0.05) 0.38(0.03) 2.32(0.08)
GGA+U+SOC /& 3.75 0.33(0.01) 0.10(0.01) 1.540.01)
Oc 3.18 0.31(0.09) 0.06(0.01) 1.5%0.03)

aThe orbital moments on Co(1), Co(2), and Co(3) atoms obtained from

Communications

Because the d-shells of the Co(1), Co(2), and Co(3) sites
are more than half filled, the orbital moments of these sites
calculated from SOC calculations should be positive (i.e.,
parallel to the spin moment), and the Co(3) site should have
the largest orbital moment because, to a first approximation,
only the Co(3) site has a nonzero orbital angular momentum
(L = 0), as already discussed. Table 2 shows that these two
requirements are met only by the G&SOC calculations
that started with total moment Gg/FU. Furthermore, the

the calculations with SOC are given in parentheses. The SOC calculations SPin—orbit-coupled state withd/spin orientation is calculated

with Cc spin orientation give rise to two slightly different Co(1) sites. The
net spin and orbital moments listed are their average values.

y2), (xy/(x* — y?) and 22 bands are completely filled, the
down-spin ky/(x> — y?)) andz bands are completely empty,
and the down-spinx@y2 bands are partially empty, as

to be more stable than that witfic spin orientation (by 63
meV/FU). The latter shows that the magnetic easy axis of
SrCaq0,; is along thec-direction, as expected from the
observed uniaxial magnetic propertiesFinally, one may
speculate if the electronic state of SgOg; with total

expected for the local electronic structure close to the high- moment close to 4g/FU can explain the uniaxial magnetic

spin ¢ configuration. (The state with total momentg/FU

properties in the absence of SCF iterations. To check this

is calculated to be slightly less stable than that with total point, we performed GGASOC and GGA-U+SOC cal-

moment 4.64g/FU, i.e., by 18 meV/FU.) Consequently, it

culations with only one SCF cycle using the converged

appears possible to predict the uniaxial magnetic propertiesdensities of the corresponding GGA and GG calcula-

of SrCa0Os; if the total spin moment is Gs/FU, but
impossible if it is 4ug/FU. To verify this point, we carried
out GGA+SOC and GGA-U+SOC calculations, with the

spin moments oriented parallel and perpendicular to the

c-direction (hereafter thed/ andlc-directions, respectively),

by employing the converged densities from the corresponding

GGA and GGAU calculations, respectively. Results of our

SOC calculations are summarized in Table 2. Note that SOC

tions. These calculations fail to describe the uniaxial magnetic
properties of SrCsD;; (Table S1 of the Supporting Informa-
tion).

In summary, the uniaxial magnetic properties of Q@
require that the Co(3) site have the local electronic structure
close to the high-spin ®dconfiguration &zly2)3(xy/(x* —
v9))4(2%).r The latter is possible if the total moment of

calculations are performed without constraint on the total SrCaOu is close to Gue/FU, butimpossible if it is close to

moment per FU during self-consistent-field (SCF) cycles.

4 ug/FU as experimentally reportéd. To resolve this

For the total moment per FU, therefore, the SCF-converged discrepancy between theory and experiment, further studies

GGA+SOC and GGAU+SOC calculations can predict

values different from those of the corresponding GGA and

GGA+U calculations, respectively. Likewise, for the mo-
ments of the spirrorbit-coupled states withd/and Cc spin
orientations, GGA-SOC or GGA+U+SOC calculations can
predict different values. This is why the GG&AOC and
GGA+U+SOC calculations, which started with the total
moments of 4.64 and 4.0ds/FU, respectively, give sub-
stantially different total moments for thec/and Cc spin
orientations (Table 2). In contrast, the G&SOC calcula-
tions started with total momentgs/FU show that both the
/lc and thellc spin—orbit-coupled states have an identical
total moment not far from &g/FU (i.e., 5.80ug/FU).

are necessary.
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