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New single-layer nickelate oxychalcogenides Ba,NiO,Cu, X, (X = S and Se) were successfully synthesized
by using a high-pressure high-temperature method. They crystallize into the tetragonal space group I4/mmm with
alternating NiO, square planar and Cu,Se, antifluorite layers along the ¢ direction. High-pressure synchrotron
x-ray diffraction manifests that the Ba,NiO,Cu,Se, can be fairly compressed along the ¢ direction, whereas
the ab plane is quite rigid, corresponding to its layered feature. The valence states of Ni** and Cu'* were
validated from both bond valence sums and x-ray absorption spectroscopy. The magnetization of Ba,NiO,Cu,S,
follows the Curie-Weiss law, whereas a spin-glass-like behavior emerges below T, = 5 K. On the other hand,
Ba,;NiO,Cu,Se, experiences a low-dimensional antiferromagnetic transition at 7y = 200 K. The resistivity of
both compounds follows the thermal activation model at elevated temperatures and follows the three-dimensional
variable-range hopping model at low temperatures, indicating the semiconducting or insulating nature. DFT4-U
calculations indicate that weak antiferromagnetic coupling in the NiO, layer suppresses the Fermi surface,
thereby opening a gap in the electronic structure. The electrical resistance gradually decreases under high
pressure, no superconductivity was observed up to 21.4 GPa. This work provides an insight to explore new

layered nickelates with emergent physical properties and potential superconductivity.

DOI: 10.1103/49kv-rlm7

I. INTRODUCTION

The layered oxychalcogenide with the chemical formula
(A 1M, 03,1 )M X)) (n=1,2,3, ...;A =Sr,Ba; M = 3d
metal; M= Cu, Ag; X =S, Se) [1-8] has attracted rising
interest, on account of its unique structure possessing both
the MO, square planar layers similar to the CuO, layers
in cuprate superconductors [9-13] and the M’,X; antifluo-
rite layers similar with the Fe,As, layers in iron-pnictide
superconductors [14—18]. The flexibility of accommodating
variable elements enables the (A, 1M, 03,_1)(M',X>) system
to be a promising candidate for exploring superconductivity
and other emergent phenomena. For example, the oxysulfide
Sr,Cu0,Cu;,S; consists of CuO, planes being considered as a
candidate of cuprate superconductor [4,19]. The oxyselenide
Sr;MO,Cu;,Se; (M = Co, Ni, Zn) has excellent and promis-
ing thermoelectric performance [20,21]. The Sr,NiO,Cu, X,
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(X =S, Se) experiences a spin transition from high-spin
Ni2* in the selenide-rich compounds to low-spin in the
sulfide-rich counterpart [22]. There is also an indication
that the monovalent copper in the CuSe layer can be ap-
plied in the energy field such as an electrocatalyst for water
splitting [23].

The recent resurgence of the nickelates due to the ob-
servation of superconductivity in the infinite-layer nickelate
[24-27] and the Ruddlesden-Popper family under high pres-
sure [28-31] sheds light on the layered oxychalcogenide
since it is able to contain NiO, layers as well. In particu-
lar, (A,,+1Ni,03,-1)(CuyX;) represents a potential system for
exploring superconductivity since it has similar bilayer Ni-
O structures to LazNi,O; when n = 2, where the outermost
apical O is replaced by Se. When n = 3, it features a trilayer
nickelate structure. Meanwhile, when n = 1, it exhibits struc-
tural similarities to the intercalated infinite-layer nickelate,
where a Cu,Se, antifluorite-type layer is intercalated between
Ba;NiO, layers. However, to our knowledge, the reported
(A,+1N1,,03,-1)(CuyX;) system with NiO; layers is quite lim-
ited with some single-layer nickelate having been reported.
The SrpNiO,Cuy X, (X = S, Se) is metallic with a ferrimag-
netic transition near 70 K [4,22,32]. The A;NiO,Ag,Se;
(A = Sr, Ba) can only be synthesized under high pressure

©2026 American Physical Society
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above 5 GPa. It is a narrow-band semiconductor and forms a
G-type antiferromagnetic (AFM) order below 130 K [33,34].

Our goal was to synthesize the compound with n = 2 or 3
as in the bilayer or trilayer nickelates, which might become a
high-T¢ superconductor under high pressure. However, only
BayNiO,Cu X, (X =S and Se), which are the compounds
with n = 1, have been successfully synthesized. The structure
of such a single-layered nickelate oxychalcogenide is depicted
in Fig. 1(a).

Here, we report the synthesis and detailed characterization
of the new single-layer nickelates Ba,NiO,Cu,X, (X = S and
Se). They were synthesized by using a high-pressure tech-
nique, which provides an additional degree of freedom to
overcome the potential barrier of the chemical reactions, an
environment isolated from the air, and prominently reduces
the reaction time [35-38]. The Ba,NiO,Cu,X, (X = S and
Se) crystallize into the tetragonal space group [4/mmm with
alternative NiO, square planar and Cu,Se, antifluorite layers,
and the Ba atoms reside between the layers. High-pressure
synchrotron x-ray diffraction shows that the Ba;NiO,Cu,Se,
(BNOCSe) can be fairly compressed along the ¢ direction,
whereas the ab plane is quite rigid, corresponding to its
layered feature. The valence states of Ni*t and Cu'* were
validated from both bond valence sums and x-ray absorption
spectroscopy. The magnetization of Ba,NiO,Cu,S, (BNOCS)
follows the Curie-Weiss law, whereas a spin-glass-like be-
havior emerges below the spin glass transition temperature
T;s = 5 K. On the other hand, Ba;NiO,Cu,Se; experiences
a low-dimensional antiferromagnetic transition at Ty = 200
K. The resistivity of both compounds follows the thermal
activation model at elevated temperatures and follows the
three-dimensional variable-range hopping model at low tem-
peratures. This indicates their semiconducting or insulating
nature. First-principles calculations reveal the interplay of
NiO, layer and the Cu,X, layer and demonstrate that an-
tiferromagnetic frustration has a pronounced impact on the
electronic structure.

II. EXPERIMENTAL

Polycrystalline Ba,NiO,Cu, S, and Ba;NiO,Cu,Se, were
synthesized using a high-pressure and high-temperature
(HPHT) method. Stoichiometric BaS/BaSe, CuO (99.9%),
and Ni (99.9%) powders were selected as the starting ma-
terials. The BaS/BaSe precursor was prepared by sintering
the mixture of Ba (99.9%) and S/Se powders at 650 °C for
3 hours in an argon atmosphere. The starting materials were
thoroughly ground in an agate mortar, pressed into a pellet
with a diameter of 6 mm and a thickness of ~2 mm, in a glove
box filled with argon gas. After that, the pellet was loaded
into a cubic anvil press. The pressure was slowly increased
to 5.5 GPa in 30 minutes, after which the temperature was
increased in 10 minutes to 1000 °C for BNOCS and 1050 °C
for BNOCSe, and maintained for 15 minutes. Then, the tem-
perature was quenched to room temperature in a few seconds,
and the pressure was slowly released to ambient pressure in 1
hour.

Powder x-ray diffraction (XRD) was performed using a
Rigaku SmartLab diffractometer with Cu-K,, radiation. The
Rietveld refinement [39] was conducted using the GSAS
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FIG. 1. (a) The crystal structure of Ba;NiO,Cu, X, (X = S and
Se). XRD pattern and Rietveld refinement of (b) BNOCS and (c)
BNOCSe. The black circles, red lines, and blue lines indicate the
observed, calculated and difference, respectively. The magenta ticks
indicate the allowed Bragg reflections for space group 14 /mmm.

software package [40]. The synchrotron XRD (SXRD) mea-
surements were carried out at the BLI15U1 beamline of
the Shanghai Synchrotron Radiation Facility (SSRF) (A =
0.62 A). Diamonds with 300 um culet and rhenium gaskets
were used [41]. The pressures were determined by the ruby
fluorescence method. Energy dispersive x-ray analysis (EDX)
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with a commercial scanning electron microscope (SEM,
Hitachi High-Tech Science Co., Ltd., Tokyo, Japan) was used
to analyze the chemical compositions of the powder. The x-ray
absorption spectra (XAS) at the Cu-L; edge was obtained at
the TLS11A beamline of the National Synchrotron Radiation
Research Center (NSRRC) using a partial fluorescence yield
(PFY) mode with a penetration depth of tens of nanometers
[42] to get rid of the surface defects. The Ni-L; XAS was
obtained at the TLS11A beamline of NSRRC using a total
electron yield (TEY) mode with a penetration depth of several
nanometers [43] due to remarkable self-absorption of the fluo-
rescence at the Ni-L; edge [44]. The sample bulk was cleaved
in situ under ultrahigh vacuum (107! mbar) conditions just
before the measurement to obtain a fresh surface.

The magnetic measurements were performed using a
Quantum Design superconducting quantum interference de-
vice magnetometer (MPMS-3). Both zero-field-cooling (ZFC)
and field-cooling (FC) modes were adopted under a magnetic
field of 1 T. The electrical resistivity was measured using
a Quantum Design physical property measurement system
(PPMS-DynaCool) with a standard four-probe method. The
specific heat was measured using PPMS. The sample was
mounted using Apiezon N grease to ensure good thermal
contact. The specific heat data were corrected by subtracting
the contributions from the sample puck and the grease.

First-principles calculations were performed by using the
full-potential linearized augmented plane-wave method as
implemented in the WIEN2K package [45]. The experimen-
tal crystal structure parameters were adopted. The muffin-tin
radii were set to 2.35 a.u. for Ba, 2.35 a.u. for Cu, 2.13 a.u. for
S, 2.31 a.u. for Se, 1.74 (1.79) a.u. for O, and 2.02 (2.08) a.u.
for Ni in BNOCS (BNOCSe). We used 2940 (2160) k points
in the Brillouin zone and set the cutoff of reciprocal vectors
so that RyrKimax = 8.05 (8.23) for BNOCS (BNOCSe). The
Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA-PBE) exchange-correlation functional was employed
[46]. In the GGA + U calculations, an empirical effective
coulomb interaction of Ugy =6 eV for Ni and 7 eV for
Cu was adopted, consistent with commonly used values in
Refs. [7,47-48]. Nonmagnetic (NM), ferromagnetic (FM),
and antiferromagnetic (AFM) configurations within the NiO,
layer were examined using spin-polarized calculations.

III. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) display the XRD patterns of BNOCS
and BNOCSe, respectively. The sharp and well-resolved
diffraction peaks can be well fitted with the /4/mmm (No. 139)
space group, and the refined crystallographic parameters are
listed in Table I. The lattice parameters a and ¢ of BNOCSe
are larger than those of BNOCS because Se has a larger
radius than S. The crystal structure is isostructural with that of
S1oNiO,Cur X, (X = S, Se) and A;NiO,Ag,Se; (A = Sr, Ba)
[22,33]. As depicted in Fig. 1, the lattice is constructed with
alternating NiO, layers (featuring corner-shared NiO, square
planars) and Cu,Se, antifluorite layers. The Ba atoms are
intercalated between the Cu,X, and NiO, layers. Compared
with the isostructural Ba,CuO,Cu;,Se, with CuO, layers [7],
the slight expansion of the lattice parameters of BNOCS can

TABLE 1. Crystallographic parameters of Ba,NiO,CuyX,
(X =S and Se). The space group is [4/mmm (No.139), with the
Wyckoff positions: Ba (0, 0, z), Ni (0, 0, 0), Cu (0, 0.5, 0.25), O
(0, 0.5, 0), and X (0, O, z). The BVS values (V;) were calculated
using the formula V; = X;§;;, where S;; = exp[(ro — r;;)/0.37]. The
values of ry are 1.675 A for Ni*t(—0), 2.04 A for Ni(-S), 2.14 A
for Ni(=Se), 1.86 A for Cu(=S), and 2.02 A for Cu(-Se).

X =S X = Se
aA) 3.99892(2) 4.11286(2)
c(A) 19.2739(2) 19.4448(2)
z (Ba) 0.40382(3) 0.40839(5)
z(X) 0.17662(9) 0.17534(8)
Uio(Ba) (100 x A2) 0.092) 0.11(3)
Useo(Ni) (100 x A2) 0.27(7) 0.39(1)
Uiso(Cu) (100 x A2) 0.36(6) 0.22(7)
Uio(0) (100 x A2) 0.61(4) 0.72(4)
Useo(X) (100 x A2) 0.28(5) 0.07(3)
Ryp (%) 2.87 3.58
R, (%) 1.94 2.41
Ni-O (A) (x4) 1.9995(1) 2.0564(1)
Ni—X(A) (x2) 3.4043(2) 3.4093(3)
Cu-X(A) (x4) 2.4490(13) 2.5173(9)
BVS (Ni) +1.71 +1.49
BVS (Cu) +0.81 +1.04

be ascribed to the replacement of Cu with Ni in the NiO,
layers.

To analyze the element composition of both BNOCS
and BNOCSe, we performed the EDX measurement, as de-
picted in Fig. 2. Given the polycrystalline nature, we also
measured the overall composition of Ba;NiO,Cu,S, and
Ba;NiO,Cu,Se; with surfaces of over 100 um x100 wm. The
compositions from the large surface, Ba;Nip96O>Cu; 725178
and Ba;Nigg;0,Cus5Se; g5, are close to the nominal
Ba;NiO,Cu,S; and Ba;NiO,Cu,Se,, respectively. The
slightly higher Cu content and slightly lower Ni content
from EDX suggest that a small amount of Cu may have
substituted for Ni. Therefore we rechecked the refinements
of the occupancy of Cu and Ni and took into account the
scenario of anti-occupation (where Ni occupies the Ni,Se,
layers and Cu is situated at the CuO, planes). The results
indicated that the maximum anti-occupancy ratio of Cu was
~3.8% in BNOCSe, while the maximum ratio of Ni substi-
tuted for Cu in the Cu;,Se, layers was ~1.8%. The identical
oxidation state and similar ionic radius of Ni**(0.69 A) and
Cu?*t(0.77 A) facilitate the feasibility of substitution. In con-
trast, in SroNiO,NiO,Cu,S, and SroNiO,Cu,Se, [22], the
sites within the oxide layer are exclusively by Ni, which is
different from the substitution situation in our samples. Fur-
thermore, the XAS measurements in the subsequent analysis
also indicate that Cu substituted for Ni in the NiO, layer, but
the proportion is extremely low. Considering the small amount
of substitution for Ni, we still carry on with further discussions
based on the nominal stoichiometry Ba;,NiO,Cu,X;, unless
specifically stated otherwise.

We performed the bond valence sum (BVS) [49,50] calcu-
lations based on the bond lengths, and the results are listed in
Table I. The valence states of Ni and Cu are close to +2 and
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FIG. 2. EDX spectra of (a) BNOCS and (b) BNOCSe and the elemental map of Ba, S/Se, O, Cu, and Ni.

+1, respectively, in agreement with the charge conservation
when considering that the O and Se have valence states of —2.
The valence state of Ni is slightly underestimated by BVS due
to the NiO4 square planar coordination.

In order to directly determine the valence states of Ni
and Cu in BNOCS and BNOCSe, we performed XAS mea-
surements using a synchrotron x-ray beam. As is widely
recognized, the element selective XAS at the transition metal
L3 edges is highly sensitive to the valence state. Specifically,
in an open d-shell system, an increase of one unit in valence
state typically induces a 1-2 eV shift in the white line of
the spectrum toward higher photon energy, alongside notable
changes in peak features [51-58].

The Cu-L3; XAS of BNOCS and BNOCSe, as well as CuO
as a Cu?™ reference and Cu,O as Cu't reference [55,56], are
illustrated in Fig. 3(a). The strong peak in CuO represents
a transition from 2p core hole to 3d state with 3d° ground
state. One can observe a weak feature at the L3 of Cu,0,
which is located at higher energy (933.6 eV) than that of
the Cu®* (931.3 eV). This is assigned to the 4s-related states
since the 3d states are fully occupied for the 3d'? electronic
configuration for Cu!t [57,58]. For BNOCS and BNOCSe,
there is no intensity related to transition to localized 3d state
indicating a Cu'* ground state. The weak and broad spectral
features localize at higher energy than that in Cu,O reflecting
more delocalized unoccupied band structure due to Cu-Se co-
valency. For comparison, the Cu-L; XAS of Ba,CuO,Cu,Se;
[7] was depicted in Fig. 3(a) (magenta line). A strong contri-
bution of Cu?* feature can be observed corresponding to the
CuO;, layer. The XAS spectra of both BNOCS and BNOCSe
show a relatively weak and broad bump near 931.3 eV, which
should be attributed to the Cu®>*. Considering the suppres-
sion of spectral weight for Cu'* with a filled shell in XAS,
the Cu* content is extremely low, which is consistent with
the XRD refinements. Thus, XAS spectra of BNOCS and
BNOCSe further manifest that the Cu'* are almost fully ac-
commodated in the Cu,Se; antifluorite layer. The Ni-L; XAS
of BNOCS, BNOCSe, and a reference NiO are displayed in
Fig. 3(b). The energy position (851.2 eV) of the L; peak
of BNOCS and BNOCSe is located at the identical energy
position of that of NiO, and the line shape resembles that of

NiO, indicating a high-spin Ni** state in both BNOCS and
BNOCSe.

Figure 4(a) displays the temperature-dependent magnetic
susceptibility (x) of BNOCS. A spin-glass-like behavior can
be observed at T, = 5 K as depicted in the inset of Fig. 4(a),
indicating the magnetic frustration, which could be the result
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FIG. 3. XAS at the (a) Cu-L; and (b) Ni-L; of BNOCS and
BNOCSe. The XAS of some references is displayed.

174441-4



HIGH-PRESSURE SYNTHESIS AND PHYSICAL ...

PHYSICAL REVIEW B 113, 174441 (2026)

: : : 6 . .
% 15 L@ BNOCS@1 T | = (d) BNOCSe@1 T
© FC  oo0i6 |, S ;i |
s —ZFC 0014~ > e —7FC
Z 10F 24 6 84 = a4l T )
5 2=CAT-0+z 5§ !
s st s
< 7 . - < 3 T =0T -0 5~
~400 [ o ~ T ' -
8 (b) BNOCS@1 T 2500 1 (e) BNOCSe@!1 T
£300 - 2 ZFC
z 2400 |
5200} 5
2 V- 2 — V(x-%)
3100 —Fit 3300 —— Fit
;\’ L 1 t.‘ Il 1 1
= 0 100 200 300 = 0 100 200 300
T(K) T(K)
10 T T T T T i T T T
~  t(c) BNOCS z __ 41 (HBNOCSe
g7 2
o fo ~
S - 4 —100K ]
> 4 — K
_10 1 " 1 " " 1 Y 1 " 1 " 1 1 1
6 -3 0 3 6 6 3 0 3 6

HoH (T) HoH (T)

FIG. 4. Temperature-dependent magnetic susceptibility of (a)
BNOCS and (d) BNOCSe. Both ZFC (black line) and FC (orange
line) modes are shown. The reverse susceptibility and the fit (red
line) of (b) BNOCS and (e) BNOCSe using the Curie-Weiss law.
The Curie-Weiss fitting was shown in red line. Field-dependent mag-
netization of (¢) BNOCS and (f) BNOCSe at selected temperatures.

of the geometric frustration of the AFM coupling between the
nearest and second nearest Ni cations [5,59]. To quantitatively
evaluate the magnetic coupling, i.e., the Weiss temperature 6,
we performed Curie-Weiss fitting at a temperature range of
100-300 K using the equation

x =C/(T =6)+ xo. ey

Given that the magnetic susceptibility of BNOCS is very
small, the residual magnetic susceptibility xo should be taken
into consideration. Figure 4(b) displays the inverse suscepti-
bility 1/(x — xo) versus temperature. It is obvious that the
curve displays a straight line in the high temperature range
of 150-300 K with the obtained xo = 2.54 x 10~ emu/mol.
The positive xo usually comes from the Van Vleck para-
magnetism in an insulator [5]. From the discussion above,
we have determined the high-spin Ni>* and nonmagnetic
Cu'*, leading to an effective magnetic moment of e =
2.83 up/f.u. Itis reasonable to set the Curie constant C= 1.00
(Uefr = \/%). The obtained § = —42 K corresponds to a
weak AFM magnetic coupling in BNOCS. Figure 4(b) de-
pictes the field-dependent magnetization of BNOCS. At
temperatures above Ty, linear M(H) curves are found, in cor-
respondence to the paramagnetic states. At 2 K, a coercive
field emerges, corresponding to the spin-glass state.

The spin-glass-like behavior of BNOCS was further val-
idated by the ac magnetic susceptibility measurements. As
displayed in Fig. 5, the M’(T) curves of different frequen-
cies gradually separate below 100 K, and an anomaly occurs
at Tyz =5 K. The M’ maximum gradually shifts to higher
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FIG. 5. The real part of the ac magnetization of (a) BNOCS
and (c) BNOCSe at selected frequencies. A significantly weaker
response compared to BNOCS, with values reduced by more than
one order of magnitude. (b) Frequency-dependent analysis of the
freezing temperature for BNOCS: main panel shows the reciprocal
freezing temperature 1/7y vs the log,, f, with a linear fit to the
experimental data. The inset illustrates the In Ty vs log,, f with a
blue fitting line.

temperature, and its value monotonously decreases with
frequency increasing, indicating a freezing process of the
magnetic moment. The separation between the ZFC and FC
curves can be the result of the presence of short-range spin
clusters.
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To elucidate the spin glass dynamics, we analyze the fre-
quency dependence of the freezing temperature by plotting
the reciprocal freezing temperature 1/7; versus log, f, as
shown in Fig. 5(b). The experimental data exhibit excellent
agreement with a linear fit, confirming the power-law scal-
ing behavior predicted by the dynamic scaling theory [60].
The parameter K= ATy/(TrAlogq f) is used to describe the
frequency dependence, as shown in the inset. The obtained
K= 0.06 for Ba;NiO,Cu,S, falls in the expected range of
values (0.005-0.08) for a typical spin glass system [60—63].

Figure 4(d) displays the temperature-dependent magnetic
susceptibility () of BNOCSe. A bump near 7y = 200 K
can be observed for both ZFC and FC curves, which is also
observed in the measurements under varying applied fields
(Fig. 6). This feature is reminiscent of a low-dimensional
antiferromagnetic (AFM) transition [64,65]. Given that the
Cu'* (3d'%) is nonmagnetic, the transition can be ascribed
to the Ni forming an AFM structure inside the NiO, layer.
To clarify the AFM state of BNOCSe, we also performed the
Curie-Weiss fitting using Eq. (1) with C= 1 in the temperature
range of 220-300 K as shown in Fig. 4(e). The obtained
Weiss temperature § = —213 K (with xo = 8.34 x 107 is
obviously lower than that of BNOCS, indicating a more robust
AFM coupling in BNOCSe. The o is much larger than the
value in BNOCS. It is an order of magnitude larger than the
estimated value coming from the Van Vleck paramagnetism
and is hence unphysically large. The anomalously large be-
havior was also observed in SroMn,CuAs,O, [5]. In the
case of SryMn,;CuAs;0;,, a ferrimagnetic model was intro-
duced to account for the strong positive curvature in x ~!(T),
which was corroborated by neutron diffraction experiments
[5]. This implies that more complex magnetic interactions
may potentially exist in BNOCSe, and simple high-spin and
low-spin models for Ni** may not be entirely appropriate in
these compounds [22]. With further cooling to about 50 K,
the ZFC and FC curves start to separate from each other,
a behavior similar to that observed at 5 K in BNOCS. In
order to characterize the anomaly, ac magnetic susceptibility
of BNOCSe was measured as shown in Fig. 5(c). A signifi-
cantly weaker response was obtained compared to BNOCS,
with values reduced by more than one order of magnitude. A
weak anomaly is only observed upon cooling down to ~5.5
K. This implies the potential existence of short-range correla-

tions or dynamic processes arising from domain wall motion,
which may also account for the ZFC-FC curves splitting at
low temperatures. Consequently, as shown in Fig. 4(f) the
field-dependent magnetization of BNOCSe, a linear M(H)
behavior was observed over the whole measured tem-
perature range of 2-300 K, corresponding to the para-
magnetic state above Ty and the AFM state below 7.
It is worth noting that we also performed the Curie-
Weiss fitting using the formula x=C/(T — 6) with-
out fixing C=1. The results indicate the values of
C=1.67, per =3.66 upg, 6 = —128 K for BNCOS and
C= 1.65, pegr = 3.63 ug, 0 = —347 K for BNOCSe, respec-
tively. Notably, the obtained pi. is really large, implying that
the NiO, layers would need to adopt an extremely high spin
state of S~3/2, which is clearly unreasonable.

Square-planar coordinated Ni** ions typically adopt a low-
spin (S= 0) configuration due to strong crystal field splitting
[33], as exemplified by the case of Sr,NiO,Cu,S, [4,22,32].
In BNOCSe and BNOCS, the high-spin state of Ni** likely
originates from elongated Ni—O bond lengths, analogous to
the mechanism observed in Sr,NiO,Cu,Se,, Sr;NiO,Ag,Se,,
and Ba,NiO,Ag,Se; [22,33]. This lattice expansion reduces
the crystal field splitting energy as discussed in Ref. [33],
thereby stabilizing the high-spin configuration of Ni’>*. In-
terestingly, the bond length in Ba;NiO,Cu,S, lies at the
boundary between these spin states as shown in Table II.
In a mixed spin state (or so called intermediate spin state),
electrons would transfer from the high-energy d,-_,» orbital
to the low-energy d. orbital, which effectively hole-dopes
the d,2_,» orbital while electron-doping the d,» orbital. Super-

TABLE II. Comparison of Ni-O bond length and spin state for
A2Ni02M2X2 (A = Sr,Ba; M = Cu, Ag, X =S, Se)

Compounds Ni-O bond length (A) Spin state
Sr,NiO,Cu, S, [4] 1.962 Low spin
BazNi02CUQSZ 1.999 ngh spin
Sr,NiO,Cu,Se, [22] 2.013 High spin
S1NiO,Ag,Se; [32] 2.051 High spin
BazNiOZCUQSGQ 2.056 ngh spin
Ba;,NiO,Ag,Se; [32] 2.128 High spin

174441-6



HIGH-PRESSURE SYNTHESIS AND PHYSICAL ...

PHYSICAL REVIEW B 113, 174441 (2026)

7 6
(a) BNOCS (d) BNOCSe

160 200 240 280 320 0 100 200 300
T(K) T (K)

| (e) Thermal activation R

16} (b) Thermal activation

250-300 K fittin
4L T g 1
g , R
. #200-300 K fitting
E, =224 meV 2+ E,~27 meV B
gl po=1.14Qcm oL ‘ p(,‘:OASf‘!cm
0.003 0.004 0.005 0.006 0.00 001 002 003 004
T (K™ T-' (K™
16} (c) 3D VRH model 12| (0 3D VRH model
2-30K fitting o
8
;‘ 12 _é‘* Ty
160-300 K fitting 4 )
8 200-300 K fitting
0.24 0.28 8.2 0.4 0.6

0.26
T—1/4 (K—1’4) T71/4 (K71/4)

FIG. 7. (a) Temperature dependence of resistivity of BNOCS.
(b) The Inp-1/T plot of the experimental data (black circles) and
the fitting result (red line) of the thermal activation model. (c) The
In p-1/T* plot of the experimental data (black circles) and the fitting
result (red line) of the 3D VRH model. (d) Temperature dependence
of resistivity of BNOCSe. (e) The Inp-1/T plot of the experimental
data (black circles) and the fitting result (red line) of the thermal
activation model. (f) The In p-1/T* plot of the experimental data
(black circles) and the fitting result (red and green lines) of the 3D
VRH model.

conductivity is expected in such a scenario, as observed in
heavily hole-doped Ba,CuO4_, with compressed CuOg octa-
hedra, where the d,» orbital is lifted to the Fermi surface and
superconductivity arises from doping of a two-orbital Mott
insulator [66,67].

Figure 7(a) depicts the temperature-dependent resistivity of
BNOCS. It increases exponentially with cooling and exceeded
the measuring range below 160 K, indicating a semiconduc-
tive or insulative behavior. In order to verify this, as shown
in Fig. 7(b), we plotted the Inp-1/T plot and it can be well
fitted in the elevated temperature range of 250-300 K using a
thermal activation model

Inp = Eu/ksT + In po, 0

where kg is the Boltzmann constant, py is the residual re-
sistance, and E, is the activation energy. The energy gap
is obtained to be E; =2 E, = 0.448 eV and the residual
resistivity is pp = 0.37 Q2 cm. On the other hand, as shown
in Fig. 7(c), a linear Inp-1/T* plot is observed for the
whole measured temperature range, indicating that the elec-
tron transport of BNOCS follows a three-dimensional (3D)
varial-range hopping (VRH) mechanism with the equation

Inp = (To/T)"* +1In po. A3)

Thus the BNOCS is more close to an insulator.
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FIG. 8. Temperature dependence of heat capacity of (a) BNOCS
and (c) BNOCSe. The Cp/T-T? plot at (b) 2-20 K of BNOCS and
(d) 2-15 K of BNOCSe. The experimental data and the fitting result
are displayed in black circles and the red line, respectively.

Figure 7(d) depicts the temperature-dependent resistivity
of BNOCSe. Different from its sulfur counterpart, the resis-
tivity of the selenide sample is quite small (~1 €2 cm) at room
temperature, whereas it increases exponentially with cooling,
indicating a semiconductive behavior. As shown in Fig. 7(e),
we fitted the Inp-1/T plot at 200-300 K using a thermal
activation model [Eq. (2)]. The energy gap is obtained to be
E, =2 andE, = 54 meV, and the residual resistivity is pyp =
0.45 € cm. Figure 7(f) depicts the In p-1/7* plot of BNOCSe.
Different from the sulfur counterpart [Fig. 7(c)], two linear
regions were observed at temperatures below and above Ty,
respectively. Thus the BNOCSe is closer to a semiconductor
at elevated temperatures and an insulator at low temper-
atures. As a comparison, most materials within the same
series exhibit insulating properties, such as Sr,NiO,Cu,S,,
S1:NiO,Ag,Se,, and Ba,NiO,Ag,Se;. Only SroNiO,Cu;,Se;
displays metallic behavior [22,33].

Figure 8(a) displays the temperature-dependent heat capac-
ity of BNOCS. Its value gradually approaches the Dulong-
Petit limit 3NR= 224 Jmol~! K~!, where N= 9 is the number
of atoms per chemical formula and R= 8.314 Jmol~! K~ is
the ideal gas constant. To determine the components of the
heat capacity, we plotted the Cp/T-T? at 2-20 K, as displayed
in Fig. 8(b). Considering the spin-glass-like transition at
T;s = 5 K, we fitted the experimental data at 10-20 K con-
sidering only the phonons using the formula

Cp = BT +6T°. 4)

The fitted parameters are A= 1.06 mJmol~' K~* and
8=3.00 x 10~* mJmol~! K=¢.The Debye temperature of
BNOCS is calculated to be O, = (12N7*R/58)" = 255 K,
which is comparable to that of the isostructural oxypnictides
Sr,MO,M',Asy (M = Mn, Cu; M’= Mn, Zn) [5].

Figure 8(c) displays the temperature-dependent heat ca-
pacity of BNOCSe, and Fig. 8(d) displays the Cp/T-T>
plot at 2-15 K. One can observe a concave Cp/T-T? curve
with a zero intercept on the vertical axis, indicating that
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FIG. 9. Electronic band structure and densities of states obtained from first-principles calculations for (a) the AFM state of BNOCS, (b)
the NM state of BNOCS, (c) the AFM state of BNOCSe, and (d) the NM state of BNOCSe. The orbital-projected contributions from Cu d, Ni
d, O p, and Se p states are shown in blue, red, green and orange, respectively.

only the phonons contribute to the heat capacity. This be-
havior is in accordance with the fact that BNOCSe is
insulating at low temperatures. The Cp/T-T? curve can be
well fitted using Eq. (4) with A= 1.62 mJmol~' K* and
8=19.18 x 10~* mJmol~! K~¢, with the Debye temperature
of 221 K.

First-principles calculations were carried out to investi-
gate the magnetic and electronic properties of BNOCS and
BNOCSe, considering different magnetic configurations and
the strong on-site Coulomb interactions of the Cu 3d and Ni
3d electrons. Among the considered magnetic states, the AFM
configuration yields the lowest total energy for both BNOCS
and BNOCSe, although the energy difference is small. The
band structures and the partial density of states for both the
NM and AFM states are shown in Fig. 9. The spin mag-
netic moment inside the muffin-tin spheres are approximately
1.7 up for Ni and nearly zero for Cu, indicating a high-spin
3d8 configuration of Ni** and nonmagnetic Cu'*, consistent
with experiment. The NM states are gapless [Figs. 9(b) and
9(d)], which is inconsistent with the experimentally observed
semiconducting/insulating behavior. In contrast, the AFM
state opens a band gap of ~1.37 eV (~0.98 eV) for BNOCS
(BNOCSe) [Figs. 9(a) and 9(c)], highlighting the significant
influence of AFM exchange on the electronic structure. The
valence-band maximum is dominated by S (Se) 4p orbitals,
whereas the conduction-band minimum primarily originates

from the Ni 3d upper Hubbard band. In the NM state, these
bands cross near I', suggesting substantial charge transfer
from the Cu,S, (Cu;,Se,) layer to the NiO, layer. This cross-
ing is removed by the AFM splitting, indicating that the AFM
correlations suppress the effective interlayer charge transfer.
The smaller experimental transport gap may be attributed
to 2D AFM fluctuations in the NiO, layer, which can par-
tially gap the Fermi-level states in a manner analogous to
cuprates, but with a weaker effect due to the relatively small
nearest-neighbor Ni-Ni exchange coupling Japym (62 meV for
BNOCS and 5.5 meV for BNOCSe). This interpretation is
consistent with the negative Weiss temperature of BNOCSe
obtained from Curie-Weiss fitting of magnetic susceptibility,
indicating predominantly AFM interactions with weak frus-
tration. In addition, short-circuit effects induced by defects,
including grain boundaries, oxygen deficiency, and antisite
occupancy, may also contribute to the phenomenon that the
fitting values of the energy gap from the R(T) measurements
is smaller than the theoretical values. The calculated gap
is larger in BNOCS than in BNOCSe, consistent with re-
sistivity measurements. This trend can be attributed to the
deeper S 3p levels compared with Se 4p levels, which re-
duces charge transfer in BNOCS. Our calculations further
suggest a stronger AFM coupling within the NiO; layer in
BNOCS than in BNOCSe, which can be linked to the shorter
Ni-O bond length associated with the smaller ionic radius
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FIG. 10. (a) SXRD pattern of BNOCSe under selected pressures.
The stars indicate the diffraction peaks from the background signal
and a tiny number of impurities. [(b) and (c)] Variation of lattice
parameters as a function of pressure. The magenta line is the fitting
by using the Birch-Murnaghan equation.

of S. This trend differs from the experimental observations,
which suggests more robust AFM order in BNOCSe. This
discrepancy may indicate the presence of additional magnetic
interactions, such as next-nearest-neighbor Ni-Ni exchange or
interlayer coupling, which are not fully captured in the present
approach and warrant further investigation in this exotic
family.

We further investigated the structure evolution of BNOCSe
under pressure. As shown in Fig. 10(a), with increasing pres-
sure, all the diffraction peaks gradually broaden and shift to
higher 26 angle, indicating that the lattice was compressed
under pressure. The lattice parameters a, b and volume as
a function of applied pressure are displayed in Figs. 10(a)
and 10(b). Under the highest pressure of ~32 GPa we mea-
sured, the a lattice experiences a slight reduction about 5%
compared with which under ambient pressure, whereas the ¢

250F ——0.73GPa

——5.73 GPa
——11.47GPa
2001 ——15.29 GPa

——21.41 GPa

0 50 100 150 200 250 300
T'(K)

FIG. 11. Pressure evolution of resistance-temperature curves in
BNOCSe.

lattice shrinks 17%, in agreement with the layered structure
with moderate interlayer stacking. The experimental pressure-
volume data are fitted using a third-order Birch-Murnaghan
equation of state [68]:

5

|

(7))
P="B||—=) —-(=
2 Vo Vo

3 AN
x{1+Z(BO—4)><|:<70) —1“, ®)

where the bulk modulus By = 100.04 GPa and the zero-
pressure equilibrium volume V, = 330.85 A3 with constant
bulk modulus in the first derivative (B;) = 4). For comparison,
the bulk modulus values for steel and diamond are ~160 and
~600 GPa, respectively.

Subsequently, we investigate the transport properties of
BNOCSe under pressure. The high-pressure transport mea-
surements were performed up to 21.4 GPa. As shown
in Fig. 11, the resistance decreases monotonically under
compression, consistently exhibiting semiconductor behavior
across the entire pressure range. The poor quality of the re-
sistivity data may be related to the polycrystalline nature of
the sample. Grain boundaries and intergranular irregularities
can introduce additional scattering and contact resistance,
resulting in noisier measurements. In addition, pressure in-
homogeneity arising from a pressure gradient within the cell
may further deteriorate the data quality. A broad bump can
be observed in different pressure curves within the temper-
ature range of 150-250 K, corresponding to the long-range
antiferromagnetic transition of BNOCSe. Due to the issue
of data quality, we have not provided the exact evolution of
Tx with pressures. No superconductivity signal was observed.
We suppose that elevating the doping level of Ni to a Nit??
valence state, coupled with the suppression of magnetic or-
dering by applying pressure, could offer an opportunity for
superconductivity. Further in-depth research will be carried
out after single crystals are grown.
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IV. CONCLUSION

In summary, new single-layer nickelates Ba,NiO,Cu, X,
(X =S and Se) were successfully synthesized under high-
pressure and high-temperature conditions. Ba,;NiO,Cu,S;
demonstrates undergoes a spin-glass-like transition emerges
below Ty, = 5 K, while Ba;NiO,Cu;,Se; experiences a low-
dimensional antiferromagnetic transition at Ty =200 K.
Both Ba;NiO,Cu,S; and Ba;NiO,Cu,Se, adopt the high-
spin state of Ni’>* likely originating from elongated Ni—-O
bond lengths, analogous to the mechanism observed in
Sr,NiO,Ag,Se, and Ba;NiO,Ag,Se;. Interestingly, the bond
length in Ba;NiO,Cu,S,; lies at the boundary between the
high spin and low spin states, which offers additional ev-
idence and provides a clearer demarcation regarding the
modulation of Ni’>* through the crystal field splitting in
square-planar coordinated nickel oxides. The resistivity of
both compounds show the semiconducting or insulating
nature following the thermal activation model at elevated tem-
peratures and the three-dimensional variable-range hopping
model at low temperatures. The first-principles calculations
suggest that AFM coupling between nearest-neighbor Ni**
ions drives the gap opening in both Ba;NiO,Cu,S, and
Ba;NiO,Cu;,Se,, analogous to the behavior observed in
cuprates. The structure of Ba,NiO,Cu,Se, remains stable
under high pressure while the electrical resistance gradu-
ally diminishes up to 21.4 GPa. Although our efforts to
achieve superconductors have not been successful so far, this
work still presents a promising avenue for the exploration
of novel layered nickelates and further attempts to explore
superconductivity.
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