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Abstract: Square-planar coordinate Ni2+ ions in oxides are
exclusively limited to a low-spin state (S = 0) owing to extensive
crystal field splitting. Layered oxychalcogenides
A2NiIIO2Ag2Se2 (A = Sr, Ba) with the S = 1 NiO2 square lattice
are now reported. The structural analysis revealed that the Ni2+

ion is under-bonded by a significant tensile strain from
neighboring Ag2Se2 layers, leading to the reduction in crystal
field splitting. Ba2NiO2Ag2Se2 exhibits a G-type spin order at
130 K, indicating fairly strong in-plane interactions. The high-
pressure synthesis employed here possibly assists the expansion
of NiO2 square lattice by taking the advantage of the difference
in compressibility in oxide and selenide layers.

Layered oxychalcogenides and oxypnictides comprising of
alternate stacking of oxide layers and chalcogenide/pnictide
layers have shown interesting properties.[1] For example, the
FeAs layer in LaOFeAs is responsible for high-Tc super-
conductivity, where the charge reservoir LaO layer controls
the doping levels by aliovalent substitution.[2] Excellent
thermoelectric properties in BiOCuSe are achieved by

combining a high electronic conductivity in the CuSe layer
with a low thermal conductivity in the BiO layer.[3, 4]

A layered compound A2MO2M’2X2 (A = Ba, Sr, Ca; M,
M’ = transition metal; X = chalcogen, pnictogen) has MO2

square-lattice sheets, sandwiched by M’2X2 layers.[1] Although
superconductivity has not been reported, the absence of
apical ligands in the MO2 layer, which is crucial to optimize Tc

values for cuprates,[5,6] offers an ideal platform to study
physical properties intrinsic to the square lattice. So far, MO2

layers with S = 5/2, and S = 3/2 have been realized, respec-
tively, by M = MnII (for example, Sr2MnO2Zn2As2),[7, 8]

CoII (for example, SrCoO2Cu2S2).[9] Of particular importance
is the S = 1 square lattice for which
strong quantum fluctuations are
expected. Unfortunately, the NiII

ions in this family (for example,
Sr2NiO2Cu2S2)

[10] and other square-
planar coordinate oxides such as
LaNiO2.5

[11] and BaNiO2
[12] exclu-

sively adopt a low-spin state (S = 0)
owing to extensive crystal field split-
ting. Herein, we show that
A2NiO2Ag2Se2 (A = Sr, Ba), pre-
pared under high pressure (along
with Ba2CuO2Ag2Se2 and
Ba2MnO2Ag2Te2), afford a high-spin
state and thus the S = 1 square lattice
(Figure 1). The origin of the high-
spin state is discussed in terms of
a tensile strain from Ag2Se2 layers,
which could be greatly enhanced by
high-pressure synthesis.

Powder samples of Ba2MO2Ag2Se2 (M = Ni, Cu) were
prepared under 7 GPa at 850 88C using a stoichiometric
mixture of BaO, Ni, Cu, Ag and Se. The XRD patterns
(Figure 2) were readily indexed using a body-centered
tetragonal (bct) cell with a = 4.21554(7) c and c = 20.1965-
(6) c for M = Ni and a = 4.2248(1) c and c = 20.135(1) c for
M = Cu. These patterns resemble with that of
Ba2CoO2Ag2Se2

[13] with the I4/mmm space group (Figure 2,
bottom). No impurity was seen for M = Cu, while tiny
unknown peaks were detected for M = Ni. No peaks associ-
ated with superstructures as observed in Ba2ZnO2Ag2Se2

[14]

were found. Likewise, the XRD pattern of Sr2NiO2Ag2Se2,
synthesized at 5 GPa and 850 88C, was mainly indexed by the
bct cell (a = 4.09460(8) c, c = 19.2733(8) c), with additional
reflections from SrSe and unknown impurities (Supporting
Information, Figure S1). All synthetic attempts under ambi-

Figure 1. Structure of
A2MO2M’2X2 (A = Ba,
Sr, Ca; M, M’= transi-
tion metal; X = chalco-
gen, pnictogen).
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ent pressure failed (Supporting Information, Figure S2),
suggesting a metastable nature of these phases. All com-
pounds are semiconducting.

We carried out Rietveld analysis on the synchrotron XRD
data for the Ag-based systems (Figure 3) assuming the
Sr2Mn3Sb2O2 structure (I4/mmm). The unknown peaks for
Sr2NiO2Ag2Se2 were excluded from analysis (Supporting
Information, Figure S3). No appreciable Ag deficiency was
recognized within the accuracy of refinements, though M’-site
deficiency (ca. 25%) is sometimes found, such as in
Sr2MnO2Ag1.5Se2.

[15] For Ba2CuO2Ag2Se2, a large atomic

displacement parameter Uiso of 0.02 c2 was obtained for Cu
at the 2a site, which led us to locate at the 8i site. This yielded
an acceptable value of about 0.4 c2. Such displacement was
not seen for M = Ni. The final results are shown in Figure 3
and the Supporting Information, Figure S4 and Table S1.

The Ag@Se bonds in the Ag2Se2 slabs of Ba2NiO2Ag2Se2,
Sr2NiO2Ag2Se2 and Ba2CuO2Ag2Se2 are 2.76 c, 2.75 c and
2.71 c, being similar to those in Sr2CoO2Ag2Se2,

[15]

Ba2CoO2Ag2Se2,
[13] and LaOAgSe[16] (2.74–2.76 c). By con-

trast, the M@O bonds in the MO2 square lattice (that is, a/2)
are significantly elongated: the Ni@O bonds of 2.13 c for Ba
and 2.05 c for Sr are much longer than any compounds with
NiII in square-planar coordination, for example Sr2NiIIO2Cl2

(2.02 c),[17] Sr2NiIIO2Cu2S2 (1.96 c),[1, 10] and LaNiIIO2.5

(1.89 c).[11] Even a monovalent nickel in LaNiIO2 has
a shorter Ni@O bond of 1.98 c.[18] The mean Cu@O distance
of 2.11 c in Ba2CuO2Ag2Se2 is also noteworthy since so far
the longest distance among oxides with CuO4 square-planar
coordination was 2.09 c in InBa2CuO4.5:d.

[19] This elongation
causes displacement of the Cu atom toward one oxygen atom,
making Cu three-coordinate (dCu@O = 1.87 c X 1, 2.12 c X 2,
2.35 c X 1). While the bond valence sum (BVS) values of Ag
and Ba/Sr well agree with their formal valences (Supporting
Information, Table S2),[20] those for Cu and Ni are found
extremely low: 1.19, 1.25, and 1.31 for Ba2NiO2Ag2Se2,
Sr2NiO2Ag2Se2 and Ba2CuO2Ag2Se2, showing the under-
bonded nature of Ni@O/Cu@O.

A telluride counterpart has not been reported. Figure S5
(Supporting Information) shows a successful formation of
Ba2MnO2Ag2Te2 (prepared at 2 GPa and 850 88C) with a =

4.39060(4) c and c = 20.6918(2) c (Supporting Information,
Table S1). The Mn@O distance of 2.20 c is even longer than
2.13 c for Ba2MnO2Ag2Se2 with the longest Mn@O bond.[13]

In square-planar coordinate nickel oxides,[10–12] the NiII ion
is subject to intense crystal field, making it exclusively a low
spin (S = 0) state, as shown in Figure 4a. However, once Ni@O
bonds are elongated, the anti-bonding dx2@y2 level will be
stabilized, which may eventually lead to a high-spin state
(Figure 4b). In fact, the magnetic susceptibility of
Ba2NiO2Ag2Se2 (Figure 5a) clearly demonstrates that this

Figure 2. Powder XRD patterns of Ba2MO2Ag2Se2 (M=Ni, Cu). A
simulated pattern of Ba2CoO2Ag2Se2

[13] is shown for comparison.
Triangles denote unknown impurity peaks.

Figure 3. Observed and calculated synchrotron XRD (l = 0.42073(1) b)
patterns for a) Ba2NiO2Ag2Se2 and b) Sr2NiO2Ag2Se2 at room temper-
ature. Red crosses: observed, green lines: calculated, and blue lines:
difference intensities; green ticks are the peak positions.

Figure 4. Crystal-field splitting and electronic configurations of Ni 3d
orbitals in square-planar coordination for a) low spin (S = 0) and
b) high spin (S =1) states. c) Correlation between Ni@O distance and
spin state. Solid and open circles, respectively, represent S= 0[1, 11, 12]

and S =1 (this study). Note that according to BVS, the ideal NiII@O/
CuII@O distances for square planar coordination are 1.91/1.935 b.[22]
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nickelate is magnetic; a steep increase below about 150 K
followed by a maximum at around 130 K implies magnetic
order to a canted antiferromagnetic state (see details in the
Supporting Information). Powder neutron diffraction (PND)
pattern at 5 K (Figure 5b) exhibits magnetic reflections
assigned with a propagation vector of (1/2, 1/2, 0). Because
of limited intensities and resolution, we simulated a magnetic
pattern, where Ni moments were assumed to align perpen-
dicular to [001] as expected from magnetic HOMO–LUMO
interactions (Supporting Information, Figure S8),[21] and
obtained a reasonable agreement for S = 1 (Figure 5b;
Supporting Information, Figure S9). The occurrence of G-
type spin order at 130 K, despite the long interlayer distance
(ca. 10 c), indicates strong in-plane antiferromagnetic inter-
actions.

The magnetic ground state of Sr2NiO2Ag2Se2 is also
evident; the Curie–Weiss fitting above 150 K gave an
effective magnetic moment of Peff = 2.97 mB (thus consistent
with S = 1), along with a Weiss temperature of @158 K
(Supporting Information, Figure S7). A complex c–T curve
below 40 K implies a certain magnetic transition, but the
absence of magnetic reflections at 6 K (Supporting Informa-
tion, Figure S12) indicates a spin-glass state, as found in
Sr2CoO2M’2Se2 (M’ = Cu, Ag)[15] and A2MnO2Zn2As2.

[22] The
difference in the ground state between Ba2NiO2Ag2Se2 and
Sr2NiO2Ag2Se2 may be ascribed to that in the interlayer
interactions.

Figure 4c suggests that a spin crossover from a low-spin to
high-spin state occurs at a critical Ni@O distance between
2.00 c and 2.05 c. A high spin state is reported in Sr2NiO2Cl2

with dNi-O = 2.02 c,[17] but the apical chlorine ligands have
a substantial contribution to the BVS (0.30) and hence to
crystal field splitting (CFS). In contrast, the BVS for Se (X 2)
in A2NiO2Ag2Se2 is less than 0.05. Since Se is in general
a weaker ligand field than O,[23,24] and the Ni@Se distance of
3.3 c is much longer than typical cases (ca. 2.6 c), the
contribution of Se to CFS would be much smaller. Note that it
is not straightforward to extract the effect of splitting from
calculation (see details in the Supporting Information).

DFT calculations provided a further justification of high
spin state for Ba2NiO2Ag2Se2. Figure 6 shows partial DOSs
from Sr2NiO2Cu2S2 for S = 0 and Ba2NiO2Ag2Se2 for S = 1, as
a starting model. The calculations for Sr2NiO2Cu2S2 (Fig-
ure 6a) gave dNi@O = 1.95 c and a non-magnetic state with
empty 3dx2@y2 orbital and the band gap (BG) of 0.2 eV. In
Ba2NiO2Ag2Se2, this model yielded dNi@O = 2.10 c and the
magnetic (G-type) ground state with BG = 0.8 eV, where dz2 /

dx2@y2 orbitals of only the up-spin channel are occupied
(Figure 6b). On the contrary, models with a high/low spin
state for Sr2NiO2Cu2S2/Ba2NiO2Ag2Se2 resulted in metallic
states, both of which contradict with experimental observa-
tions. Given the bottom of the conduction band in
Ba2NiO2Ag2Se2 consisting mainly of Ni 3d orbital (Support-
ing Information, Figure S13), electron doping to the NiO2

layer by chemical substitution is of interest by analogy with
cupric superconductors.

Clearly, the expanded MO2 square lattice in the four
compounds is enabled by a large tensile strain from the
neighboring Ag2Se2 or Ag2Te2 layers, with an additional
contribution from A cations. Then, a natural question that
arises is what makes the present phases accessible by high
pressure synthesis. Possibly, the high pressure is advantageous
for stabilizing a compound with a MO2 square-planar slab due
to facile contraction perpendicular to the plane, as shown in
SrFeO2

[25] and Sr2MO4 (M = Cu, Pd).[26] Another possibility,
which seems more relevant, is that under the synthetic
condition (that is, high pressure) the size mismatch between
Ag2Se2 and MO2 layers could be in an acceptable range, owing
to a large difference in compressibility of the two layers.
Conversely, the mismatch would be too large to form these
compounds under ambient condition. To support this, chal-
cogenide (S2@, Se2@, Te2@) anions are approximately twice
compressible than an oxide anion (O2@), as seen in rock-salt
SrX (X = O, S, Se, Te): bulk modulus of SrSe is 45 GPa while
that of SrO is 91 GPa.[27] Once these compounds are formed
under high pressure and high temperature, upon pressure
release (after quenching temperature), the Ag2Se2 layer
expands significantly, providing a large tensile strain to the
MO2 sheet. Thus, the use of high pressure could be a useful
strategy to tune the bond length of MO2 lattice more
extensively than otherwise possible.
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