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Mixed sodium nickel hydroxide phosphate, Na2Ni3(OH)2(PO4)2, has been synthesized hydrothermally

from the system NiCO3–Na4P2O7–NaCl–H2O. Its monoclinic crystal structure has been determined by

single crystal X-ray diffraction: a = 14.259(5), b = 5.695(2), c = 4.933(1) Å, β = 104.28(3)°, space group

C2/m, Z = 2, ρc = 3.816 g cm−3, R = 0.026. The underlying spin model has been characterized in terms of

first-principles electronic structure calculations. The compound is formed by alternating layers of [NiO6]

octahedra and [NaO7] polyhedra, combined in the [100] direction with tetrahedral [PO4] oxocomplexes

and hydrogen bonds. The novel phase is treated as an isostructural variant of the two-dimensional pot-

assium manganese hydroxide vanadate, K2Mn3(OH)2(VO4)2, which can be formally obtained by morpho-

tropic substitutions of all positions in the cationic sublattice. The stripe arrangement of Ni2+ ions (S = 1)

within [NiO4(OH)2] layers of Na2Ni3(OH)2(PO4)2 is unique in the sense that its magnetic topology places it

in between widely discussed honeycomb and kagomé lattices. The Na2Ni3(OH)2(PO4)2 is a low-dimen-

sional magnet, which reaches the short-range correlation regime at Tmax = 38.4 K and orders antiferro-

magnetically at TN = 33.4 K.

Introduction

Phosphates are commonly used as catalysts, adsorbents, fertili-
zers, pigments, fluorescent and ceramic materials, dielectric
substances, etc., and can be prepared with various acidic and
basic reagents.1 Prospective magnetic properties of phosphates
are mainly determined by the type of metal ions participating
in their crystal structures and by the manner of metal oxo-
complexes’ interconnections. An antiferromagnetic ordering was
shown for some Na,Ni phosphates; thus Na4Ni3(PO4)2(P2O7)
having a two-dimensional Ni–O–Ni layered crystal structure
exhibits antiferromagnetic ordering at TN = 12 K.2 Another
Ni(II) phosphate, NaNi4(PO4)3, with a three-dimensional frame-
work built of Ni oxocomplexes is characterized by an antiferro-
magnetic transition at about 20 K.3 Magnetic measurements
performed for one more phase, Na4Ni5(PO4)2(P2O7)2, whose
crystal structure contains Ni2O9 units formed by face-sharing
NiO6 octahedra, reveal the presence of antiferromagnetic inter-
actions in the Ni2+ sublattice at about 8 K.4 In our search for
new systems belonging to this family of compounds, we

synthesized a novel Na,Ni–hydroxide phosphate with a 2-D
layered cationic structure built of [NiO6] octahedra, and
studied its magnetic properties.

Crystal growth and crystal structure
determination

A new phase was formed by hydrothermal synthesis in a poly
(tetrafluoroethylene)-lined stainless steel autoclave at a temp-
erature of 553 K and a pressure of 100 bar, over a period of 18
days. It was synthesized from a mixture of 0.5 g NiCO3, 0.5 g
Na4P2O7, 0.5 g NaCl and 15 mL of water. A small amount of
boric anhydride (0.05 g) was added to the starting mixture as a
mineralizer. The reaction products were translucent light-
green crystals with a prismatic shape up to 0.3 mm long and a
white powder. The crystals were washed with water, dried and
subjected to an EDX microprobe study for elemental com-
position and to single-crystal X-ray diffraction.† The amounts
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of Ni, Na, P and O in the samples were estimated by semi-
quantitative X-ray spectral analysis (Jeol JSM-6480LV and
EDSINCA-Wave 500). The very small crystal size prevented us
from getting a good sample surface necessary for a quantitative
analysis. At the same time we consider the results of our X-ray
diffraction study in combination with the semi-quantitative
analysis of a microprobe as leaving no doubts about the com-
position of the sample.

The determination of unit cell parameters and the data col-
lection were performed with an Xcalibur-S area detector
system using Mo-Kα radiation (graphite monochromator). The
intensities were corrected for Lorentz and polarization effects
and a numerical absorption correction using the measured
size and shape of the crystal was applied. In Table 1 we report
the crystallographic characteristics of the new phase and the
experimental conditions of data collection and refinement. All
the calculations were performed using the WinGX software
package.5 Atomic scattering factors and anomalous dispersion
corrections were taken from the “International Tables for Crys-
tallography”.6 The crystal structure was solved by direct
methods in the space group C2/m and refined in the anisotro-
pic approximation against the F2 data to residuals wR2 =
0.0573 (for all 614 reflections), R = 0.0262 [for 563 reflections
with I > 2σ(I)], S = 1.146, using the SHELXL program.7 The
positions of the H atoms were obtained by difference Fourier

techniques and refined isotropically. According to this loca-
lized H-atom, O3 forms an OH group bridging three Ni atoms.

Table 2 presents the final results for the atom positions and
equivalent displacement parameters. Characteristic distances
are given in Table 3. A bond valence calculation has been per-
formed using the algorithm and parameters given by Brown &
Altermatt8 (Table 4). Valence contributions of the H atoms
were estimated from the O–O distances following the
equations of Brown9 (the relationship between O–O distance
and H–O (acceptor) bond valence is calculated from the O–H
curve of Brown & Shannon10). Data from Table 4 clearly
confirm the assignment of OH ligands and are consistent with
the assumed oxidation state of Ni2+.

Interatomic distances and crystal structure
description

The main structural elements of the title compound are shown
in Fig. 1. The Ni2+ ions in two different positions are sur-
rounded by O atoms forming octahedra. Ni1 polyhedra (site
symmetry C2h) have two close Ni1–O distances of 1.946(3) Å
and four longer distances of 2.131 (2) Å. The interatomic Ni–O
distances in the Ni2 octahedra (site symmetry C2) vary from
1.979(2) to 2.112(2) Å (Table 3). The shortest Ni–O bonds for
both Ni atoms are to the oxygens of the hydroxyl groups O3–H,
which do not coordinate to any other cations but Ni2+. The
manner of the Ni polyhedra’ distortion is consistent with the
bond valance calculation (Table 4) and correlates with the distri-
bution of hydrogen bonds (Table 3). In the P tetrahedron with
Ch symmetry there is one shortest terminal P1–O4 bond length
of 1.521(3) Å and three similar bond lengths of about 1.55 Å
with oxygen atoms shared between P and Ni oxocomplexes. In
the seven-vertex Na polyhedra the Na–O distances are divided
into two groups: five shorter bond lengths vary from 2.491(3)
to 2.569(3) Å and two additional distances are 2.887(1) Å long
(Table 3).

The localization and refinement of the hydrogen atom have
allowed the implementation of a rigorous interpretation of the
peculiarities of the hydrogen bonds in this structure (Table 3).
With an O⋯O distance of 2.679(4) Å they are classified as

Table 2 Atomic coordinates and equivalent isotropic displacement parameters
(Å2)

Atom x/a y/b z/c Ueq

Ni1 0 0 0 0.0058(2)
Ni2 0 0.26690(8) −0.5 0.0055(2)
Na 0.23420(14) 0 0.2882(4) 0.0223(6)
P 0.12512(7) 0.5 0.0970(2) 0.0047(3)
O1 0.0936(2) 0.5 −0.2278(5) 0.0064(7)
O2 0.08777(15) 0.2764(3) 0.2182(4) 0.0072(5)
O3(OH) −0.0717(2) 0 0.2885(6) 0.0067(8)
O4 0.2350(2) 0.5 0.1924(6) 0.0123(8)
H −0.124(4) 0 0.268(11) 0.028(17)a

a Isotropic displacement parameter.

Table 1 Crystal data and details of the X-ray data collection and refinement

Crystal data
Chemical formula, M/g mol−1 Na2Ni3(OH)2(PO4)2, 446.07
Cryst. syst., space group Monoclinic, C2/m (no. 12)
a, b, c/Å; α, β, γ/° 14.259(5), 5.695(2), 4.933(1);

90, 104.28(3), 90
V/Å3, Z 388.2(2), 2
Dc/g cm−3 3.816
Cryst. size/mm3 0.03 × 0.04 × 0.18
Cryst. color Light-green
Abs. coeff. µ/mm−1 7.773

Data collection
Diffractometer Xcalibur-S, CCD
Radiation Mo-Kα, (λ = 0.71073 Å),

graphite monochromator
Temperature/K 293
Scanning mode ω/2Θ
2θmax/° 59.93
No. of measured reflections 7257
Rint, R(σ) 0.0522, 0.0433
h, k, l range −19 ≤ h ≤ 20, −8 ≤ k ≤ 8,

−6 ≤ l ≤ 6

Refinement
Program used to refine the structure SHELXL
Refinement on F2

Reflns unique, obsd (I > 2σ(I)) 614, 563
No. of param. used in the refinement 53
Abs. corrn Numerical
Tmax, Tmin 0.799, 0.459
Extinction coeff. 0.0117(9)
R value [Fobs > 4σ(Fobs)] R1 = 0.0262, ωR2 = 0.0555
R value (all data) R1 = 0.0304, ωR2 = 0.0573
GOF 1.146
Largest diff. peak, hole/e Å−3 0.766, −0.650
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medium strength.11 The system of O–H⋯O asymmetric
hydrogen bonds between hydroxyl groups and oxygen atoms
ensures additional crosslinking in the structure (Fig. 2). The
hydroxyl group O3–H bridging three Ni atoms plays the role of
a donor providing hydrogen bonding to the O4 atom at the
vertex of the [PO4] tetrahedron.

The crystal structure of Na2Ni3(OH)2(PO4)2 (Fig. 2 and 3) is
formed by layers of [NiO4(OH)2] octahedra, each sharing four
edges with the neighboring four Ni polyhedra. These layers are
based on the hexagonal close-packing of oxygen atoms, where
Ni2+ cations occupy 3/4 of the octahedral voids and can be
interpreted as built of bands of octahedra, parallel to the [001]
direction. Two types of [NiO4(OH)2] octahedra, different both
in symmetry and in the manner of interconnection, form the
bands. Thus, more symmetric Ni1 octahedra occupy central
positions inside the band; they are surrounded by four Ni2
polyhedra and have no connections with neighboring ones
along the [010] bands. Differently, each Ni2 octahedron shares

three edges with nearby Ni polyhedra of the same band and
one edge with the adjacent Ni2 polyhedron of the neighboring
ones along the b axis band (Fig. 3a).

The [PO4] tetrahedra share three oxygen vertices with Ni
octahedra of one layer, while the fourth vertex (O4) remains
unshared with [NiO4(OH)2] polyhedra. The oxygen atom O4
plays the role of a hydrogen bond acceptor, thus providing a
hydrogen bond linkage between phosphate oxocomplexes and
a neighboring one along the c axis layer of Ni octahedra
through O3–H⋯O4 bonding (Fig. 2). The [NaO7] polyhedra
sharing edges also form layers parallel to the (100) plane
(Fig. 3b); they alternate along the [100] direction with the
layers of [NiO4(OH)2] octahedra (Fig. 4).

The novel phase, Na2Ni3(OH)2(PO4)2, and compositionally
different potassium manganese hydroxide vanadate, K2Mn3-
(OH)2(VO4)2

12, present an example of isotypic compounds
from diverse chemical classes. In the structure of
K2Mn3(OH)2(VO4)2, layers of sharing edges [MnO4(OH)2] octa-
hedra with 1/4 Mn vacancies to which [VO4] tetrahedra are

Table 3 Interatomic distances (Å) and geometric characteristics of hydrogen bonds (D – donor, A – acceptor)

Ni1 octahedron Ni2 octahedron Na polyhedron P-tetrahedron Ni1 octahedron Ni2 octahedron Na polyhedron P-tetrahedron

1.946(3) × 2 Ni2–O3 1.979(2) × 2 Na–O4 1.946(3) × 2 Ni2–O3 1.979(2) × 2 Na–O4
2.131(2) × 4 O2 2.088(2) × 2 O4 2.131(2) × 4 O2 2.088(2) × 2 O4
2.069 O1 2.112(2) × 2 O1 2.069 O1 2.112(2) × 2 O1

<Ni2–O> 2.060 O2 <Ni2–O> 2.060 O2
O4 O4
<Na–O> <Na–O>

D–H⋯A D–H, Å H⋯A, Å D⋯A, Å ∠D–H⋯A, °
O3–H⋯O4 0.73(6) 1.95(6) 2.679(4) 177(6)

Table 4 Na2Ni3(OH)2(PO4)2 bond-valence dataa 21

Atom Ni1 Ni2 P Na H

O1 0.290↓2→2 1.189 0.135
O2 0.276↓4 0.310↓2 1.182↓2 0.126↓2
O3 0.454↓2 0.415↓2→2 0.76
O4 1.296 0.156; 0.146; 0.053↓2→2 0.24
Σ 2.01 2.03 4.85 0.80 1

a Values marked by ↓2, ↓4 and →2 contribute twice or four times to the sum along the column or the row by symmetry.

Fig. 1 The main structural elements of Na2Ni3(OH)2(PO4)2. Displacement ellip-
soids are drawn at the 90% probability level.

Fig. 2 The Na2Ni3(OH)2(PO4)2 crystal structure in the xy projection.
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linked in both sides via three vertices alternate with layers of
[KO7] polyhedra topologically identical to the layers of [NaO7]
seven-vertex polyhedra in our case. A formal exchange of
all cations (except H+) in four symmetrically independent
structural positions (Na+, Ni12+, Ni22+ and P5+) in the
Na2Ni3(OH)2(PO4)2 structure for cations in the same oxidation
state of larger radius, e.g. K+, Mn12+, Mn22+ and V5+, leads to
the formation of the isostructural phase, K2Mn3(OH)2(VO4)2, of
the same symmetry (space group C2/m), but with obviously
increased values of the unit cell parameters and monoclinic
angles. Distances between the layers built of [NiO6] or [MnO6]
octahedra in the structures under discussion are 4.2 and 4.8 Å
accordingly, and depend mainly on the sizes of [PO4] and
[VO4] tetrahedra and the hydrogen bond lengths (Fig. 2 and 4).
A naturally smaller space between neighboring Ni–O layers in
the phosphate structure suits perfectly for being filled by

Na atoms. The type of established Na2Ni3(OH)2(PO4)2 crystal
structure permits considering the new compound as a possible
ionic conductor candidate for its technological application as
Na cathode material for Na/Li batteries, similar to the recently
studied inorganic phosphates, often synthetic analogues of
natural minerals.13–18

Magnetization and magnetic subsystem
topology

The magnetization M of Na2Ni3(OH)2(PO4)2 was measured
using the Vibrating Sample Magnetometer (VSM) option of the
Physical Properties Measurement System (“Quantum Design”
PPMS – 9 T) in the temperature range 2–300 K at a magnetic
field of B = 1 T. Electron spin resonance (ESR) spectra were
recorded using an X-band ESR spectrometer CMS 8400
(ADANI) (f ≈ 9.4 GHz, B ≤ 0.7 T) equipped with a low-tempera-
ture mount, operating in the range T = 6–300 K. The effective
g-factor was determined with respect to an external reference
for the resonance field. We used BDPA (a,g – bisdiphenyline-b-
phenylallyl) get = 2.00359, as the reference material. The
sample under study was a collection of non-oriented tiny
single crystals of overall weight of about half a milligram.

The temperature dependence of magnetic susceptibility χ =
M/B of Na2Ni3(OH)2(PO4)2 is shown in Fig. 5. No difference
was observed between zero-field-cooled (ZFC) and field-cooled
(FC) protocols of measurements, signalling the absence of
either spin glass or cluster glass effects in the sample’s magne-
tization. The very low amount of the sample under study and
the significant diamagnetic contribution of the sample holder
preclude exact determination of basic magnetic parameters in
this system. The square of the effective magnetic moment
μeff

2 = 8CμB
2 estimated from the value of the Curie constant

C = 3.87 emu·K mol−1 amounts to 31μB
2 per formula unit.

The ESR spectrum recorded for the Na2Ni3(OH)2(PO4)2
sample at room temperature represents a relatively broad and

Fig. 3 The Na2Ni3(OH)2(PO4)2 crystal structure: (a) the layer of [NiO6] octahedra sharing edges and adjacent [PO4] tetrahedra; (b) the layer formed by [NaO7]
polyhedra.

Fig. 4 Closely packed layers of [NiO6] octahedra and [NaO7] polyhedra alter-
nating along the [100] direction in the Na2Ni3(OH)2(PO4)2 crystal structure;
[PO4] tetrahedra combine these layers in 3D construction.
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overlapping in nature absorption line attributed to Ni2+ ions.
Such an asymmetric character of the lineshape may indicate
both the anisotropy of the effective g-tensor and possible pres-
ence of two different resonance modes. It was found that a sat-
isfactory description of the lineshape can be achieved using
approximation by the sum of two standard Lorentzians
with effective g-factors g1 = 2.55(1) and g2 = 2.18(2) as shown
in Fig. 6. The monoclinic C2/m crystal structure of
Na2Ni3(OH)2(PO4)2 presumes two different crystallographic
positions Ni1 and Ni2 for the Ni2+ ions in octahedral coordi-
nation (Fig. 1 and 3), which are in the ratio of 1 : 2. Indeed, an
estimation of the integral ESR intensity, which is proportional
to a number of magnetic spins, for two resolved resonance
modes gives the same ratio of 1 : 2. Hence, it seems reasonable
to attribute the presence of two different resonance modes to
two nonequivalent structural positions for the Ni2+ ions. It was
also found that with decreasing temperature the effective
g-factors remain practically unchanged, while the linewidths
increase for both resonance modes.

Using the g1 and g2 values obtained from the ESR data,
one can estimate the theoretical value of the effective

magnetic moment in accordance with the expression μeff
2 =

n1g1
2S(S + 1)μB

2 + n2g2
2S(S + 1)μB

2, where n1 = 1 and n2 = 2
taking into account the ratio of 1 : 2 for a number of nickel
ions in different crystallographic positions per formula unit
and S = 1 is the spin-only value of Ni2+ (d8) ions. The corres-
ponding square of the effective magnetic moment μeff

2 was
found to be about 32μB

2, which apparently is in quite satis-
factory agreement with the experimentally estimated effective
magnetic moment.

The magnetic susceptibility χ of Na2Ni3(OH)2(PO4)2 exhibits
a broad maximum at Tmax = 38.4 K, while the derivative dχ/dT
shows a sharp peak at TN = 33.4 K. The broad (correlation)
maximum in magnetic susceptibility is a signature of reduced
dimensionality in the magnetic response of quasi-one-
dimensional and quasi-two-dimensional systems.19 At lower
temperature, the regime of short-range correlations at Tmax

is followed by the formation of long-range ordered antiferro-
magnetic state at TN. The upturn of magnetic susceptibility at
the lowest temperatures is ascribed routinely to the presence
of a small amount of defects/impurities in the sample.

According to the Goodenough–Kanamori–Anderson rules,20

there are numerous delocalization and correlation super-
exchange interactions of various signs, for both cis- and trans-
edge-sharing NiO6 octahedra in Na2Ni3(OH)2(PO4)2. The net
sizes and values of superexchange interactions within the
layers of [NiO4(OH)2] and between them were estimated
through first principle calculations, as discussed in the follow-
ing section. Qualitatively, one can presume however that intra-
layer exchange interactions are responsible for the formation
of the short-range ordering regime in Na2Ni3(OH)2(PO4)2 at
Tmax, while the interlayer exchange interactions trigger long-
range ordering at TN.

21

The arrangement of Ni2+ ions (S = 1) in [NiO4(OH)2] layers
of Na2Ni3(OH)2(PO4)2, shown in Fig. 7b, is unique in the sense
that its magnetic topology places it in between the recently dis-
cussed honeycomb lattice in K2Mn3(CO3)(VO4)2

22 (shown in
Fig. 7a) and the kagomé lattice in BaNi3(OH)2(VO4)2

23 (shown
in Fig. 7c). The latter networks are derivatives of a simple tri-
angular lattice, where the void-centered flat hexagons are con-
nected in either an edge-sharing or a corner-sharing manner,
respectively. Both these lattices are heavily frustrated allowing
a variety of quantum ground states depending among other
factors on the ratio of nearest neighbor and next nearest neigh-
bor exchange interactions. It was shown theoretically that the
increase of the ratio of these interactions results in a sequence
of exotic phases including magnetic long-range (Neel) order, a
gapped spin liquid phase, a lattice nematic phase, and a spiral
phase for a honeycomb lattice.24 The quantum ground state
phase diagram for a kagomé lattice is equally rich which can
exhibit in particular either a collinear or canted ferrimagnetic
moment arrangement, resulting from the competing ferro-
and antiferromagnetic intralayer exchange interactions.25

In a sense, the magnetic network in Na2Ni3(OH)2(PO4)2 is a
realization of a stripe variant of the kagomé lattice with two
non-equivalent positions of Ni2+ ions. The NiO6 units form
infinite sheets of hexagons which share edges in the b-axis

Fig. 5 The temperature dependence of magnetic susceptibility χ = M/B and its
derivative (inset) of Na2Ni3(OH)2(PO4)2 taken at B = 1 T on a collection of tiny
non-oriented single crystals.

Fig. 6 Electron spin resonance spectrum of Na2Ni3(OH)2(PO4)2 taken at room
temperature on a collection of tiny non-oriented single crystals.
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direction and share corners in the c-axis direction. The recently
reported S = 1 synthetic analogue of the mineral vesignieite,
BaNi3(OH)2(VO4)2, exhibits a glassy-like transition at 19 K due
to heavy competition between intralayer ferro- and antiferro-
magnetic exchange interaction.23 In the striped kagomé lattice
of Na2Ni3(OH)2(PO4)2 the positions of Ni1 ions are not shifted
by a half-period with respect to each other along the c-axis
unlike the case of the kagomé lattice in BaNi3(OH)2(VO4)2.
Accordingly, the voids in Na2Ni3(OH)2(PO4)2 form a tetragonal
pattern basically less frustrated as compared with the void’s
triangular pattern in BaNi3(OH)2(VO4)2. The rather high mag-
netic ordering temperature in the title compound, TN = 33.4 K,
in comparison with various nickel phosphates2–4 and nickel
vanadates,23 reflects this circumstance, tentatively. The small
difference between characteristic temperatures of the short-
range correlation regime, Tmax = 38.4 K, and Neel ordering,
TN = 33.4 K, signals that the net values of intralayer and inter-
layer exchange interactions are close to each other.

Electronic structure calculations

Electronic structure calculations for Na2Ni3(OH)2(PO4)2 were
carried out using both muffin-tin orbital (MTO) based linear
MTO (LMTO)26 and the Nth order MTO (NMTO)27 basis set as
well as plane wave basis as implemented in the Vienna
Ab-initio Simulation Package (VASP)28 within the framework of
density functional theory (DFT). The exchange-correlation
functional was chosen to be generalized gradient approxi-
mation (GGA).29

Fig. 8 shows the non-spin-polarized density of states of
Na2Ni3(OH)2(PO4)2. We find that the states close to Fermi
energy (set at zero in the figure) are dominated by Ni–eg states,
in accordance with the nominal Ni2+ valence in octahedral
coordination. We find finite mixing with the oxygen p states
forming the octahedra surrounding the Ni sites. As is evident
from the projected density of states, shown in the bottom
panel of Fig. 8, the contribution of P–p, the oxygen p states of
the tetrahedral PO4 unit, as well as the contribution of out of
plane H, is significant to the low energy states crossing the
Fermi level. This hints at finite coupling connecting NiO6

units mediated via the PO4 and H, in addition to direct NiO6–

NiO6 interactions. We note that the nominal Ni2+ configuration
amounts to 2 electrons in two of the Ni eg states, which in a
non-spin-polarized calculation would lead to a metallic solu-
tion with a finite density of states at Fermi energy. The spin
polarized calculation, however, leads to an insulating solution,
with finite spin splitting within Ni d states, as verified in our
study. The calculated magnetic moments at Ni sites turn out
to be 1.58µB and 1.55µB with a large fraction of the moments
sitting at O and P sites. The total moment is found to be 6µB,
in accordance with the insulating nature of the ground state
and three Ni atoms in the unit cell.

Fig. 7 The topology of magnetic subsystems in K2Mn3(CO3)(VO4)2 (a), Na2Ni3(OH)2(PO4)2 (b) and BaNi3(OH)2(VO4)2 (c).

Fig. 8 Non-spin-polarized GGA density of states of Na2Ni3(OH)2(PO4)2 calcu-
lated in plane wave basis, projected onto various orbital contributions. The top
and middle panels show the projections to Ni1 and Ni2–d states along with the
octahedral oxygens, while the bottom panel shows the projection to com-
ponents (e.g. P, tetrahedral O, H and Na) that connect two NiO6 octahedra.

http://dx.doi.org/10.1039/c3dt51657a


In the next step of our calculation, we constructed the low-
energy Ni–eg only Hamiltonian, starting from the full DFT
calculation, by integrating out all the degrees of freedom,
including P, O, H, Na and Ni–t2g states, except Ni–eg states. We
used the NMTO-downfolding technique for this purpose,
which has been found to be highly successful in constructing
the low energy Hamiltonian out of DFT calculations of several
spin systems in the past.30 The real space representation of the
low-energy Ni–eg only Hamiltonian, in effective Ni–eg basis,
provides an estimate of effective Ni–Ni hopping interactions.
The estimates of effective Ni–Ni hopping in turn provide esti-
mates of magnetic exchanges, through a super-exchange
formula connecting hopping t and Coulomb interaction U,
with magnetic exchange J. The intra-layer Ni–Ni dominant
interactions are shown in Fig. 9.

The dominant intra-layer interactions are found to consist
of 5 interactions, J1, J2, J3, J4 and J5. J3, connecting two
Ni2 sites, which are edge shared octahedra, is found to be the
strongest, while J4 and J5 interactions connecting Ni1–Ni1 and
Ni2–Ni2 mediated via PO4 are found to be a factor of 3 weaker.
The other dominant interaction J2 also connecting two edge
shared Ni2O6 octahedra is found to be a factor of about 4
weaker compared to J3. This is rationalized by the Ni–O–Ni
angle which is about 20° more for J3 interaction compared to
J2, making the interaction more directed. The interaction J1,
connecting two Ni1 and Ni2 sites connected by sharing two
oxygens of the edges of the octahedra, is found to be a factor
of 8 weaker compared to J3. The out-of-plane or the interlayer
interactions are found to be mediated via the O–H–O–P path
connecting Ni1 and Ni2 sites in two different layers. This is
rationalized by a finite contribution of H, P and O in the low
energy Ni–eg states. The strength of the interlayer interaction
is found to be non-negligible, about the same strength as J1.
The finite value of interlayer interaction justifies the setting up
of the long range magnetic ordering.

The strength of the strongest interaction J3 is found to be
about 3.3 meV, with a choice of U = 8 eV at the Ni site and
using the super-exchange formula connecting J with t’s. All the
interactions are found to be of antiferromagnetic nature. This

leads to a fascinating spin model, consisting of connected
layers which are formed by arrays of hexagons given by inter-
actions J1 and J2, along with intra-hexagonal diagonal inter-
actions J5 and J4, which are coupled by strong interaction J3.
All the interactions being of antiferromagnetic nature, the frus-
tration gets lifted through canting of Ni spins, which may
explain the finite ferromagnetic contribution seen in the sus-
ceptibility data.

Conclusions

In conclusion, a new mixed sodium nickel hydroxide phos-
phate, Na2Ni3(OH)2(PO4)2 has been synthesized hydrother-
mally and its monoclinic crystal structure was determined by
single crystal X-ray diffraction. The title compound is charac-
terized by the unique arrangement of Ni2+ (S = 1) ions within
well separated [NiO4(OH)2] layers which forms a kind of stripe
variant of a two-dimensional kagomé lattice. The presence and
competition of both ferro- and antiferromagnetic interactions
evidenced in the magnetization measurement result in the
formation of the long-range magnetic order at a relatively high
temperature for the layered compounds.
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