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Abstract: The crystal, electronic, and magnetic structures of the
cobalt oxyselenide La,C0,03;Se, were investigated through pow-
der neutron diffraction measurements and band structure calcula-
tions. This oxyselenide crystallizes in a tetragonal layered
structure with space group l|4/mmm. The Co ion is sixfold-
coordinated by two oxide ions and four selenide ions, and the
face-sharing CoO,Se, octahedra form Co,0Se; layers. The band
structure calculations revealed that the Co ion is in the divalent
high-spin state. Rietveld analysis of the neutron diffraction profiles
below 200 K demonstrated that the Co moments have a noncol-
linear antiferromagnetic structure with the propagation vector k
= (Y5, Y/, 0). The ordered magnetic moment was determined to
be 3.5ug at 10 K, and the directions of the nearest-neighbor Co
moments are orthogonal each other in the c plane.

Transition-metal oxychalcogenides and oxypnictides often crys-
tallize in a two-dimensional (2D) structure due to anion site
orderings because of the very different sizes of the oxide and
chalcogenide/pnictide ions.* Recently, high-temperature supercon-
ductivity was discovered in layered iron oxypnictides.?~* In such
iron-based compounds, the 3d electrons of iron play a key role in
the electrical and magnetic properties. For layered oxychalcogenides
with strongly correlated electrons, the physical properties of several
compounds have investigated.>~® The crystal structures and
magnetic properties of La,Fe,03X; (X = S, Se) were reported by
Mayer et al.*® For the isostructural compounds AzFe,0X,Q, (A =
La, Nd and Q = O; A = Sr, Baand Q = F), the Fe,OX, monolayers
and the A,Q; bilayers are stacked along the c axis and the Fe,0X,
monolayers represent a frustrated antiferromagnetic checkerboard
lattice.** 14

Recently, the crystal and electronic structures and magnetic
properties of a new cobalt oxyselenide, La,C0,03Se,, have been
studied by a few groups.*>~*” Wang et al. reported that the Co ion
is in the low-spin state and that La,C0,03Se, has a checkerboard
spin lattice.™® On the other hand, the electronic structure calculated
by Wu® and our experimental results®” revealed that the Co ion is
in the divalent high-spin state. To resolve this inconsistency, in
the present work we have investigated the electronic and magnetic
structures through powder neutron diffraction measurements and
band structure calculations.

Powder samples of La,C0,05Se, were prepared through a solid-
state reaction process as described elsewhere.*” The powder neutron
diffraction measurements were carried out below 300 K in the range
3° < 260 < 153° at intervals of 0.1° using a wavelength of 1.8449
A. Measurements were performed on the Kinken powder diffrac-
tometer for high efficiency and high resolution measurements
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Figure 1. (a) Neutron diffraction profiles for La,C0,0;Se; at 10, 30, 50,
75, 100, 125, 150, 175, 200, 225, 250, and 300 K. (b) Crystal structure of
L62C0203592.

(HERMES) of the Institute for Materials Research (IMR) at Tohoku
University,*® which was installed at the JRR-3 M Reactor of the
Japan Atomic Energy Agency (JAEA), Tokai. The crystal and
magnetic structures were determined by the Rietveld method using
the FullProf suite.®® Calculations of the electronic structure and
the density of states (DOS) were performed using the WIEN2k
program package.?® This program employs the full-potential
linearized augmented plane wave + local orbitals (FP-LAPW+lo)
method based on density functional theory (DFT). We used the
generalized gradient approximation (GGA) + Hubbard U parameter
for the Co 3d electrons.

Figure 1a shows the neutron diffraction profiles of La,Co0,0;Se,
over the temperature range between 10 and 300 K. Only the nuclear
Bragg reflections were observed at 300 K, and the crystal structure
was refined by the Rietveld method. The obtained parameters are
in good agreement with the parameters previously obtained from
X-ray diffraction measurements. The structural parameters at 300
K are summarized in Table S1 in the Supporting Information. Figure
1b illustrates the crystal structure of La,C0,03Se,. The Co ion is
sixfold-coordinated by two oxide ions and four selenide ions,
forming a CoO,Se, octahedron, and the La ion is eightfold-
coordinated by four oxide ions and four selenide ions. The Co,0Se,
monolayers consisting of face-sharing CoO,Se, octahedra and the
bilayers consisting of edge- and face-sharing LaO,Se, decahedra
are stacked along the c axis.

Figure 2a displays the total DOS and the partial DOS of Co for
La,C0,03Se; obtained from the GGA + U calculations. The values
of U and Jy for a Hubbard-like effective potential were set to be
5.0 and 0.9 eV, respectively.*® The occupied and unoccupied bands
form a band gap of ~1.5 eV around the Fermi level. This result
from the GGA + U calculations demonstrates that the Co ions are
in the divalent state with the high-spin configuration and have a
magnetic moment of 2.70ug. Figure 2b shows the Co 3d DOS.
The energy levels of the unoccupied orbitals (dy, Oy, ds2z-2) of
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Figure 2. (a) Total density of states (DOS) and partial DOS of Co for
La,C0,05Se; with U = 5.0 eV and Jy = 0.9 eV. (b) Partial DOS of the Co
3d orbitals. The Co—O bond axis is defined to be the zaxis. (c) Spin density
distribution in the (100) plane. (d) Spin density distribution in the (001)
plane.

the Co ion are located at 3—5 eV, which indicates that the high-
spin Co?" state in the CoO,Se, octahedron has one tyq hole on the
dx orbital and two ey holes on the ds2_2 and d,, orbitals. These
features of the total and partial DOS are similar to the previously
reported ones.*® The spin density distribution mirrors the unoc-
cupied orbitals. Figure 2c,d illustrates the spin density distribution.
The spins of the Co ion exist along the ¢ axis and along the Co—O
bond axis. Because there is no magnetic interaction path along the
c axis, it is suggested that the superexchange interaction via the
Co—0—Co path play a key role in the magnetic interactions in the
Co—0—Se layer.

In Figure 1a, a very broad peak was observed around 26 ~ 20°
below 250 K, and several Bragg reflections appear abruptly at 200
K. The temperature dependence of the magnetic susceptibility of
La,Co0,03Se; has a broad maximum around 250 K, and the specific
heat shows a long-range antiferromagnetic ordering at 217 K.*>*”
It is considered that a broad peak at 225—250 K and additional
Bragg reflections below 200 K are attributable to magnetic diffuse
scattering of short-range orderings in Co—O—Se layers and long-
range ordering of the Co ions, respectively. The magnetic Bragg
reflections are indexed to the (*/, Y/, 1) planes, which indicates that
the propagation vector k in the magnetic ordered state is k = (}/5,
/5, 0). The symmetry and directions of the magnetic moments
compatible with the crystal symmetry (14/mmm) were obtained using
the program SARANh.?* For the Co?' ions on the 4c site, the
decomposition of magnetic representation is

r=o0rd +2rP + ord + 1rP + ord + 1r{ +
or® + 2ry)
The constraint from the Landau theory requires four possible

magnetic structures: the representations I', I'y, T's, and I's. The
directions of the nearest-neighbor magnetic moments for the

Table 1. Basis Functions of the Irreducible Group Representation
of the Space Group I4/mmm Appearing in the Magnetic
Representation with k = (Y, ¥/, 0)

atom 12 atom 22
basis vector my my m, my m, m,
I, v, 4 0 0 0 4 0
v, 0 4 0 4 0 0
Ty Wy 0 0 4 0 0 4
Ts v, 0 0 4 0 0 -4
We 0 4 0 —4 0 0

2The atoms of the nonprimitive basis are defined as (5, 0, 0) for 1
and (0, Y/, 0) for 2.
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Figure 3. (a) Neutron diffraction profiles for La,C0,03Se; at 10 K. The
calculated and observed diffraction profiles are shown as the top solid line
and the M markers, respectively. The upper set of vertical markers in the
middle show positions calculated from nuclear Bragg reflections. The lower
set of vertical markers in the middle show positions calculated from magnetic
Bragg reflections. The trace at the bottom is a plot of the difference between
the calculated and observed intensities. (b) Possible magnetic structure model
of the Co moments. Broken lines represent the nuclear unit cell (a x a),
and solid lines represent the magnetic unit cell (v2a x +/2a). (c)
Temperature dependence of the lattice parameters a and c. (d) Temperature
dependence of the ordered magnetic moment of the Co ion.

representations I'; and I'g are orthogonal to each other in the ¢ plane,
while those for T'; and I's lie on the c axis. The basis vectors for
these representations are given in Table 1. The best fit was achieved
using a model including only the representation I's. Figure 3a,b
shows the profile refinement at 10 K and a possible magnetic
structure model, respectively. The refined crystallographic and
magnetic parameters at 10 K are summarized in Table S1. The
magnetic moment was refined to be 3.53(1) ug per Co?* ion. This
value is larger than the theoretical moment (2.70ug) obtained from
the GGA + U calculation. This difference should be attributed to
unquenched orbital moments.

The symmetry of the crystal structure was unchanged below 300
K. Figure 3c shows the temperature dependence of the lattice
parameters. Both a and ¢ increase monotonically with temperature.
The Co—0 and Co—Se bond lengths also increase monotonically.
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These results suggest that magnetoelastic coupling and magneto-
striction do not occur because of the long-range magnetic ordering
of the Co ion.

Figure 3d shows the variation of the ordered magnetic moment.
The ordered moment, which appears at 200 K, rapidly increases
with decreasing temperature and becomes saturated below 100 K.
A similar temperature dependence of the Co?t moment was also
shown to exist in other two-dimensional oxysulfides,?* which should
be attributable to Ising-like anisotropy of the Co?" ions.*”

In summary, we have investigated the electronic and magnetic
structures of the cobalt oxyselenide La,Co,03Se, with the layered
structure. The magnetic ground state of the Co ions is a high-spin,
noncollinear antiferromagnetically ordered state with the propaga-
tion vector k = (Y5, /5, 0). The directions of the nearest-neighbor
Co moments are orthogonal to each other in the c plane.
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