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Both spin-liquid and magnetically ordered phases of both half-integer and integer low-spin quantum
magnets are of interest, since the magnetic structures found in the latter case usually have no classical
counterparts. Such a magnetic structure was found in a combined experimental and theoretical study of
the integer spin system Ni(NO;),. Our thermodynamic measurements have revealed a magnetically ordered
phase with small spontaneous magnetization at 7¢c = 5.5 K. The magnetization saturation of about 2ug
at low temperatures corresponds to the high-spin state (S = 1) of Ni’** ions evidenced in L,3 edges in
x-ray absorption spectroscopy spectra. We show that a consistent description of the available data is possible
within a noncollinear umbrella-type ferrimagnetic ground state model for which both intra- and interlayer
magnetic interactions should be antiferromagnetic. Such a scenario is suggested by the first-principles and model

calculations.
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I. INTRODUCTION

The attractiveness of antiferromagnetic kagomé lattices is
supported by a unique triangular motif in a two-dimensional
arrangement of magnetic ions. For the spin-1/2 case, numerous
treatments point to a disordered spin-liquid ground state with
an appreciably small spin gap compared with the exchange
parameter [1-3].The significantly less studied spin-1 kagomé
lattices are assumed to possess the hexagonal singlet solid
state [4-6]. Experimental studies of spin-1 kagomé lattices
revealed either the absence of long-range order [7,8] or
an antiferromagnetic/glassy state [9—14] typical in systems
with competing exchange interactions. On the other hand,
the existence of ferromagnetism in kagomé compounds
has been intensively discussed theoretically, albeit with the
presence of antiferromagnetic exchange. The kinetic origin
of ferromagnetism for a partially filled kagomé lattice was
discussed [15]. The dipolar interactions were shown to support
the nonuniform ferromagnetic state in kagomé lattices [16].
Besides, large single-ion anisotropy compared with exchange
interaction might inspire the xy ferromagnetic state into
spin-1 kagomé antiferromagnets [17]. The entropy gain due
to the phase transition into a magneto-ordered state, with
spontaneous moment in finite “weathervane loops” separated
in kagomé spin-1 anisotropic antiferromagnetic lattices, was
also discussed [18]. Here, we suggest a noncollinear fer-
rimagnetic ground state model for Ni(NOj),, where both
intra- and interlayer magnetic interactions are assumed to be
antiferromagnetic.
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II. EXPERIMENTAL

While the hydrates of the transition metal nitrates con-
stitute a vast and well-documented family of compounds,
e.g., CuNO3), x nH,O with n = 1, 2.5, 6 [19-22] or
Ni(NO3), x mH,0 with m = 2, 4, 6 [23], information on
the physical properties of the anhydrous nitrates of transition
metals is very limited and restricted to infrared spectra [24]
and electronic structure, as obtained from low-energy pho-
toelectron spectroscopy [25]. Mainly, this is because these
forms are quite hygroscopic and, as a consequence, difficult
to handle. At the same time, the apparent simplicity of the
chemical formula and intriguing motifs in the transition metal
arrangement require study in this uncharted territory.

The nickel (I) nitrate, Ni(NO3),, crystallizes in a rhombo-
hedral R3 space group (a = 10.332(1) A, ¢ = 12.658(2) A,
Z = 12) with two nonequivalent positions for Ni’* ions in the
ratio Ni(1):Ni(2) = 3:1 [25]. As shown in Fig. 1, the NiOg
octahedra share all corners with the NO3 groups to form the
framework structure. In the ab plane, the Ni(1) ions linked
through regular N(1)O;3 triangles form structurally perfect
kagomé layers with Ni(2) ions occupying the hexagons. Within
this plane, the Ni(2) ions are linked to Ni(1) ions through
nonsymmetrical isosceles N(2)O; units. The same N(2)O3
nitrate groups link successive layers along the ¢ axis. With
respect to this axis, the successive layers are shifted by quarter
periods along the a and b axes.

The polycrystalline samples of Ni(NOs), were prepared
by crystallization from a nitric acid solution in the presence
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FIG. 1. (Color online) The crystal structure of Ni(NO;), in the
ab plane. The Ni(1) and Ni(2) ions are shown in a gray and purple
octahedral oxygen environment. The regular and isosceles nitrate
groups are shown by yellow and green triangles. The Ni(1) forms
kagomé-type layers, while Ni(2) ions occupy the hexagonal cavities.

of an adsorbent-desiccant [26]. Thermodynamic properties
were measured by a Physical Property Measurement System
(PPMS)-9T (Quantum Design) with the sample mounting done
in the nitrogen atmosphere. The x-ray absorption spectroscopy
(XAS) experiments were performed at the H-SGM beamline
at the National Synchrotron Radiation Research Center in
Taiwan. X-ray absorption spectroscopy was recorded in total
electron yield in an ultrahigh vacuum (~10~'° mbar) chamber.
A simple monochrome picture of a three-dimensional
triangular lattice in Ni(NO;), consisting of Ni** ions linked
by (NO3)~! groups transforms into a layered, “filled” kagomé
network if the nonequivalent positions of nickel in octahedral
surroundings are rendered in different colors and the regular
and isosceles nitrate triangles are distinguished, as shown in
Fig. 1. In the case of ferromagnetic coupling between magnetic
species, there is no difference between black-and-white and
in-color representations. The colors are of key importance,
however, when antiferromagnetic coupling prevails in the
system. Experimental observation of “simple” ferromagnetism
in Ni(NOj), appeared to be in sharp disagreement with
the first-principles and model calculations, revealing the
dominance of antiferromagnetic exchange interactions.

III. THERMODYNAMICS

The temperature dependence of dc magnetic suscepti-
bility, x = M/B taken at B = 0.1 T in Ni(NOs),, is
shown in Fig. 2. At high temperatures, the magnetic sus-
ceptibility follows the Curie-Weiss law with the addition
of the temperature independent term y = xo + C/(T —
®), where xo = 2.3 x 107 emu/mol, Curie constant
C = 13 K emu/mol, and negligibly small Weiss tem-
perature ® is about +1 K. The value of the temperature
independent term corresponds to the summation of negative
Pascal’s constants of Ni** ions and (NO3)™ groups xdia = —
0.5 x 10™* emu/mol [27] and a positive Van Vleck term
of Nit ions x = 2.8 x 10~* emu/mol [28]. At cooling,
the x(T') dependence sharply deviates upward, signaling the
formation of a magnetically ordered state in the system. At
low temperatures, the hysteretic behavior of magnetization,

PHYSICAL REVIEW B 90, 134407 (2014)

—2.0 N
=~ 1.
6Ll 2 M, ~2.03 7~ |2
L ,

31 51/ : 40.8
= s K~0.35K _ loa
[e] ]
£ 0.0
5 4+ 1.0 ]
£ 1-04
3 -
= 0.5 {-08

2t = 1-1.2
00 ! ! ! 1 1 i
i 0 2 4 6 8 -01 00 0.1
. \\ B (T)
0 20 40 60 80 100

T(K)

FIG. 2. (Color online) The temperature dependence of magnetic
susceptibility in Ni(NO;), taken at B = 0.1 T (symbols), the solid
line represents the high-temperature fit of experimental data. The
field dependence of magnetization and the hysteresis loop taken at
T =2 K are shown in the left and right insets, respectively.

shown in the right inset of Fig. 2, is that of a soft magnet
with the remanent magnetization 0.3up, a coercive force
Bc = 5.4 kA/m, and the saturation magnetization Mg ~ 2up
at 2 K, as shown in the left inset of Fig. 2. The area under the
magnetization curve taken at the lowest temperature 2 K allows
estimating the upper limit of magnetocrystalline anisotropy K
in Ni(NO3), as about 0.35 K (~0.03 meV). To define the exact
value of the magnetic ordering temperature, the magnetization
curves were measured at several fixed temperatures in steps
of 0.25 K. The results plotted as B/M vs. M? indicate that
Ni(NOs), orders magnetically at 7c = 5.5 K £ 0.25 K, as
shown in the right panel of Fig. 3.

Further evidence for the phase transition into a magnetically
ordered state was obtained at specific heat measurements. As
shown in the left panel of Fig. 3, the C, vs. T curve demon-
strates a sharp A-type anomaly at 7c = 5.5 K, which indicates
a second-order phase transition from a paramagnetic state to
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FIG. 3. (Color online) The temperature dependencies of specific
heat (symbols) and magnetic entropy (solid line) in Ni(NOs),. The
dashed line represents the lattice contribution to the specific heat (left
panel). The Arrott plot in Ni(NO;), (right panel).
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magnetically ordered state. The magnetic entropy released
below Tc amounts t0 Syae ~ 4.5 J/mol K, which constitutes
about one-half of the expected value (R In 3) for Ni>* high-spin
state S = 1. At T > T, the specific heat possesses only the
lattice contribution that can be approximated by the cubic term
Cp = BT? with B =3.75 x 10~* J/mol K*. This value allows
estimating the Debye temperature ®p in Ni(NO;), at about
360 K.

IV. X-RAY ABSORPTION SPECTROSCOPY

To study the spin state of nickel ions, the XAS at the
nickel L, 3 edge was employed for Ni(NOj3), and a NiO as a
reference. Two nickel sites in Ni(NO;), have slightly different
NiOg octahedral environments. In the NiOg octahedra the Ni
3d degenerate state was separated into e, and #,, states with
10 Dq difference by the crystal field, and the e, state was
separated into x -y 2 and 3z%-r? states with Ae, difference
by the distortion. Depending on the ratio between Hund’s
coupling, Jy and Ae, splitting, the Ni** ions (3d 8) may exhibit
either low-spin (LS; S = 0) or high-spin (HS; § = 1) states. The
oxygen octahedra surrounding Ni(1) and Ni(2) atoms in the
Ni(NOs), compound are rather similar and slightly distorted.
Such a distortion may lift the degeneracy of the e, levels.
The local symmetry of the Ni(1) atoms is somewhat lower.
Therefore, the atomic e, levels will slightly split. According to
our first-principles calculations, this splitting is about 50 meV.
On the other hand, the local symmetry of the Ni(2) atoms is
higher. Therefore, the eg levels will remain almost degenerate,
forming a two-dimensional representation of the space group
R3 . Thus, it is reasonable to expect that nickel ions in
Ni(NOs), will form the high-spin state.

TheNi L, 3 (2p—3d) absorption spectrum obeys the dipole
selection rule: the transition can be described as «|2p®3d”) +
B12p°3d" L) — «'|2p 3d" Ty + B'12p 3d" + 2L), where
L denotes a charge transfer from ligand to nickel, « and B
are the initial electronic states, and o’ and B’ are the final
electronic states. The Ni 2 p core-hole spin-orbit coupling splits
the spectrum into two parts, namely the L3 (853 eV) and L,
(871 eV) white line regions. The line shape of the spectrum
depends on the atomic multiplet effect, including Ni 3d-3d
and 2 p-3d Coulomb and exchange interactions, hybridization
of the Ni 3d orbital with the O 2 p ligands, and the local crystal
field.

Figure 4 shows the Ni L, 3 XAS experimental spectra of
NiO and Ni(NO3), taken at room temperature. NiO is generally
accepted to have divalent nickel with a HS (S = 1) state.
In the Ni L3 edge, both NiO and Ni(NOj3), have a peak at
853.35 eV, which can be used to determine the valence of
nickel ions [29]. The results indicate that the nickel ions are
alsodivalent in Ni(NOs), [30,31]. The second peak at 855.1 eV
of the L3 edge in Ni(NOj), has a higher intensity than in NiO.
There also exists a shoulder feature at 856.5 eV in the Lj
edge of NiO, while this feature is absent in that of Ni(NO3),.
These two differences come from the ligand field multiplet
effect, which implies different Ni local structures in these two
compounds. The L, edge of both Ni(NO;3), and NiO, splits
into two peaks. The L, edge of Ni(NOs), has a slightly lower
intensity at 870.7 eV and a significantly higher intensity at
871.8 eV compared with those of NiO,. The broad peak at

PHYSICAL REVIEW B 90, 134407 (2014)

—— NiO exp.

Fl-theo. 10 Dg=1.6 eV ,Aaq=0 eV
—Ni(NO,), exp.
—— Fl-theo. 10 Dg=1.5 eV ,Asg=0.6 eV

Normalized intensity (arb. units)

T T T T T T T T T T T
850 855 860 865 870 875
Photon energy (eV)

FIG. 4. (Color online) Nickel L, ; edge XAS data of NiO (dashed
line) and Ni(NOs), (solid line) in total electron yield.

859 eV is the [2p Bd L) — |2p 3d 'UL) transition from the
charge transfer effect, while a broad feature at 866.7 eV in
the NiO spectrum is the 2p — 4s-like transition, called a
continued edge jump [29].

To confirm the spin state of divalent nickel in Ni(NO;),,
we discuss the theoretical calculations of the L; 3 XAS line
shape using the full atomic multiplet theory, together with
hybridization of the Ni 3d orbital with the O 2 p ligands and the
point charge crystal field in the NiOg cluster [32]. For the NiO
case, the NiOg octahedron is almost undistorted, and the nickel
ion has the same Ni-O bond length with all six O neighbors.
In the calculations, we used the hybridization coefficient
pdo = —1.29 eV [33], and set Ae; = 0 eV (undistorted). The
best fit for NiO spectra is with 10 Dq = 1.0 eV, consistent with
the recent results of resonant inelastic x-ray scattering [34].
For the Ni(NOs), case, the crystal structure shows the average
Ni-O bond length of 2.071 A, very close to the bond length of
2.08(1) A inNiO [35,36]. Since NiO and Ni(NOs), have nearly
the same average Ni-O bond length, 10 Dq should also be close
in both cases. Indeed, the calculations show10 Dg = 0.9 eV is
the best fit for Ni(NOj;),. Therefore, the spin state of Ni(NO;),
is still HS according to XAS.

V. FIRST-PRINCIPLES CALCULATIONS

The magnetic subsystem in Ni(NO;3), can be considered
either a two-dimensional or three-dimensional network de-
pending on relative magnitudes of intralayer and interlayer ex-
change interaction parameters. Besides, the two-dimensional
layers can be treated as either triangular or a kagomé type
depending on the relative magnitudes of Ni(1)-Ni(1) and
Ni(1)-Ni(2) exchange interaction parameters J;. In this paper,
these parameters were calculated using the magnetic force
theorem [37,38] within a local spin density approximation
(LSDA) [39,40], taking into account the onsite Coulomb
interaction (LSDA 4+ U) [41] and the Hartree-Fock (HF)
approximation [42]. We used the known crystal structure
data [25].

Before discussing magnetic couplings in the Ni(NOs),
system, we focus on the ground state electronic and
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FIG. 5. (Color online) The Ni(NOj;), partial densities of states
(DOS) calculated by using LDA. The red dotted and blue solid curves
correspond to O 2p and Ni 3d states. The insets: topology of intralayer
and interlayer exchange interactions.

magnetic properties. As follows from the band structure local
density approximation (LDA) calculations within the tight-
binding linear muffin-tin orbital atomic sphere approximation
method [39,40], shown in Fig. 5, there is strong hybridization
of nickel and oxygen states. The fully occupied #,, and half-
filled e, states are centered at —1.7 eV and 0 eV, respectively.
The calculated value of 10 Dq = 1.7 eV is to be compared
with that found in XAS 10 Dq = 1.0 eV. The difference is
due to the charge transfer effect directly observed by resonant
inelastic x-ray scattering [34], though in NiO.

To reproduce the insulating ground state of Ni(NO;),
we employ the LSDA+U approach with onsite Coulomb
and intra-atomic exchange interactions as 3 eV and 0.9 eV,
respectively. Since the e, band is half-filled, we observe only
the splitting between fully occupied spin-up and empty spin-
down states, as shown in Fig. 6. The account of the Coulomb
interaction does not change the structure of the e, band. Itis due
to the fact that both e, orbitals are either occupied or empty. The
energy gap of 1.46 eV opens between occupied (spin-up) and
empty (spin-down) states. The calculated magnetic moments
of nickel and the nearest oxygen atoms were found collinear
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FIG. 6. (Color online) Total and partial DOS for Ni(1)-1 obtained
from the LSDA + U calculations. The gray, red dotted, and
blue dashed lines correspond to total, 3z2-r2, and x2-y? states,
respectively.
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TABLE I Isotropic exchange interaction parameters in Ni(NOj3),
obtained from LSDA, LSDA + U, and HF calculations (meV). The
corresponding interaction paths are shown in Fig. 5.

Exchange interaction LSDA LSDA +U HF
Ji 0.44 0.37 1.01
J 0.1 0.15 0.53
J; 0.24 0.23 0.72
Jy 0.06 0.08 0.38

and equal to 1.45up and about 0.09up, respectively. The
obtained total magnetization of Ni(NO;), per formula unit
is 2ug, in agreement with the experimentally estimated value.

For every superexchange interaction of nickel ions through
nitrate groups, the estimations using the magnetic force
theorem [37,38] provided a positive (antiferromagnetic) sign
with magnitudes given in Table I. The largest exchange
interaction parameters, J; = 5.1 Kand J; = 2.8 K, correspond
to intralayer and interlayer Ni(1)-Ni(1) (5.16 ;\) interactions,
respectively. The magnitudes of intralayer and interlayer
Ni(1)-Ni(2) exchange interaction parameters are somewhat
lower. It is interesting to note that the Ni(1)-Ni(1) distance
for the leading exchange interaction J; is very close to that
of NiO. At the same time, the values of the corresponding
exchange integrals are completely different—about 5 K in
Ni(NOj3), and about 220 K in NiO [43]. It is due to a different
structure of superexchange pathways. In the case of NiO, the
superexchange involves one intermediate O®~ ion, and the
Ni—O-Ni bond angle is equal to 180°, which corresponds to
the maximum of the magnetic interaction. On the other hand,
the key element of the Ni(NOj), compound (i.e., the NO3
complex) provides a more distorted pathway between Ni(1)
atoms, where Ni(1)-O-N and O-N-O angles are close to 120°.

Based on the calculated exchange interactions, one can
estimate the Weiss temperature by using the high-temperature
expansion of the magnetic susceptibility ® = %SB“) Here,
Jo is a summary exchange interaction of a given site within
the magnetic environment. Despite the fact that the individual
magnetic interactions are rather small, the resulting theoretical
value of |®] is about 20 + 40 K, being significantly larger than
found experimentally, which requires additional consideration.

VI. LOW-ENERGY MODEL

As one can see the Ni(NO3), system is described by a rather
complex magnetic model where isotropic exchange interac-
tions form a three-dimensional magnetic structure. To reveal
the classical magnetic ground state we have performed HF
calculations for the model electronic Hamiltonian in Wannier
function basis that was defined from the LDA spectrum (Fig. 5)
by using the projection procedure [42]. Such a low-energy
Hamiltonian reproduces the bands of the e, symmetry at the
Fermi level. Since there is strong nickel-oxygen hybridization,
the corresponding Wannier functions contain the Ni 3d and O
2p contributions.

In the low-energy model, we can readily elucidate the
microscopic origin of the exchange interactions Jy, J», J3,
and Jy. For these purposes, we first evaluate the averaged
transfer integrals 7;; = |/ Tr(#;;{;;), where each £;; is the 2 x 2
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matrix in the basis of Wannier orbitals for the e, bands, and
Tr is the trace over orbital indices. This yields the following
values: fj = 65 meV, £, = 48 meV, 3 = 56 meV, and 4 = 41
meV. Thus, the behavior of isotropic exchange interactions
can be understood well in the framework of the superexchange
theory, where they are related to the form of transfer integrals
J = U’—’H [44].

The exchange interactions were independently calculated in
the low-energy model, taking into account the onsite Coulomb
interaction by using the magnetic force theorem (Table I). For
the e, band of Ni(NOs),, the onsite Coulomb repulsion and
the intra-atomic exchange coupling can be estimated using a
combined constrained LDA and random-phase approximation
(RPA) techniques, which yield U = 3.6 eV and Jy = 0.8 eV.
The exchange interactions estimated from the low-energy
model are two times larger than those obtained from LSDA
and LSDA + U. Such an overestimation may be related to
the polarization of the oxygen band, which was not explicitly
included in the low-energy model [44]. One should also note
that the low-energy model is a simplification, which may
neglect some contributions to the Js.

VII. MODEL OF THE GROUND STATE

All matrix elements of the relativistic spin-orbit interaction
vanish on the basis of the ideal 3z 2-r 2 and x 2-y 2 e, orbitals.
Therefore, the effects of the spin-orbit interaction on the
magnetic structure of Ni(NOs), are expected to be small and
caused by the mixing of the ;5 and e, orbitals due to lowering
of symmetry and deformation of the perfect NiOg octahedra.
In such a situation, the main details of the magnetic structure
of Ni(NO3),, including the ferromagnetic alignment, should
be related to the form of isotropic exchange interactions. Then,
the central question is how the antiferromagnetic interactions
alone can lead to the ferrimagnetic ground state.

Since the exchange interactions of the Ni(1) sublattice
are stronger than those between Ni(1) and Ni(2), as the first
approximation, one can consider the magnetic structure, which
would be formed by the Ni(1) ions, and then the deformation of
this structure caused by the Ni(2) ions. Each Ni(1) site interacts
with four Ni(1) sites in the plane and four sites between
the planes. Importantly, if the central site is Ni(1)-1, it will
interact only with sites Ni(1)-2 and Ni(1)-3 (but not with itself),
both in and between the planes. Therefore, there is no direct
interaction between Ni(1)-1 sites in the neighboring planes,
and all of these interactions are mediated by either Ni(1)-2
or Ni(1)-3 sites. Since all of the nearest-neighbor interactions
are antiferromagnetic, the effective coupling between Ni(1)-1
sites in the neighboring planes should be ferromagnetic (as
the superposition of two antiferromagnetic interactions), while
three spins in the same (kagomé) plane satisfy the condition
S| 4+ S; + S;3 = 0. This was confirmed by the HF calculations
for the low-energy model: after doubling the magnetic cell and
enforcing the antiferromagnetic alignment between the planes,
the total energy increased by about 0.8 meV /Ni(NOs),.

Next, let us consider the interaction between the Ni(1) and
Ni(2) sublattices. To be specific, let us consider the umbrella
structure, where the Ni(2) spins are presumed to be aligned
parallel to the z axis, and the Ni(1) spins form the 120° structure
in the xy plane (S; + S, + S;3 = 0), which can be deformed
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by the interaction with the Ni(2) spin. The deformation causes
a canting of the Ni(1) spins out of the xy plane, which can
be described by the polar angle 6. Then, the energy gain due
to the Ni(1)-Ni(2) interactions is 3 (J, + J4) cos 6, while the
energy loss due to the umbrella-type deformation of the Ni(1)
sublattice is 6(J; 4 J3)cos? . By minimizing the total energy,
we obtain cos 6 = —% % Using above HF values of J;—Jy,
we find 8 = 98°, which is consistent with & = 101° obtained in
the HF approximation for the low-energy model. For the LSDA
and LSDA + U exchange interactions presented in Table I, we
obtain 93° and 95°, which are close to the noncollinear HF
solution described below.

VIII. CONFIRMATION OF THE NONCOLLINEAR
SCENARIO

To verify the proposed microscopic model, we have
performed the noncollinear HF calculations [42,45], where
each one-electron state is treated as a two-component spinor
function. In such calculations, the one-electron part and
potential in the HF equations are defined in the general form as
nondiagonal in spin variables. The resulting occupation matrix
of the system has the same nondiagonal form, which gives us
the opportunity to calculate the x, y, and z projection of the
atomic magnetic moments.

Figure 7 gives the magnetic ground state obtained from the
noncollinear HF calculations. One can see that we obtain the
umbrella-type magnetic structure along the z axis described
above. Importantly, without spin-orbit coupling, the ground
state of the Ni(NOs), is degenerate, and the axis of the umbrella
is arbitrary and can be controlled by the external magnetic field.

To compare the magnetic moments obtained in LSDA 4 U
and HF calculations, one should take into account the structure
of the Wannier functions used for constructing the low-energy
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FIG. 7. (Color online) Distributions of the spin magnetic mo-
ments in the single xy plane (ab plane), as obtained in the HF
calculations for the effective low-energy model. The vectors of
magnetic moments (calculated in the Wannier basis) associated with
three sites Ni(1) are (0.15, 1.96, —0.38), (1.62, —1.11, —0.38),
(—1.77,—0.85, —0.38), and the magnetic moment associated with the
site Ni(2) is (0, 0, 2.00). In order to obtain local magnetic moments
at the Ni sites themselves, which are reported in our LSDA + U
calculations, the above values should be multiplied by the weights
of atomic 3d orbitals in the Wannier functions (see discussion in the
text).
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FIG. 8. (Color online) The temperature dependencies of mag-
netic moments for the noncollinear umbrella structure in the molec-
ular field approximation: components of the magnetic moments of
Ni(1) and Ni(2) parallel to the z axis are denoted MlH and M2”,
respectively; the component of the magnetic moment of Ni(1) in
the xy plane is denoted Mi"; and the total ferromagnetic moment is
denoted MJ(‘)t = 3M1‘I + M2".

model that reproduces the band spectrum of Ni(NO;),
near the Fermi level. According to our LDA calculations
(Fig. 5), the 3d-Ni states provide 66% of the electron density;
therefore, the effective magnetic moment of the nickel atom
from HF calculations can be estimated as 1.33ug. This value
is in agreement with those of LSDA + U, or 1.45u5. Based
on the obtained configuration of the magnetic moments,
the Ni(NOs), compound can be classified as a noncollinear
ferrimagnet.

To estimate the magnetic transition temperature, we used
a molecular field approximation [46] with the exchange
interactions calculated within the HF approach. The obtained
temperature dependencies for the magnetic moments of the
nickel atoms are shown in Fig. 8. In contrast to the original
Weiss mean-field approach with a z-oriented effective field,
we consider a more complicated situation of the noncollinear
magnetic structure. This means that in the case of Ni(NO;),,
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the effective molecular field has x, y, and z projection. As
a result, there are two different temperature dependencies
for the in-plane and z component of the magnetic moment.
The resulting 7, obtained for the total ferromagnetic moment
along the z axis is about 8 K, which agrees with the experi-
mental value of 5.5 K. The difference between the calculated
spontaneous magnetization of about 0.9up and the measured
remanence of about 0.4up could be ascribed to magnetic
domain effects. Based on the obtained results, we predict a
phase combining an in-plane antiferromagnetic ordering for
Ni(1) atoms and magnetic disorder for Ni(2) moments at
temperatures between 8 K and 22 K. A negligibly small Weiss
temperature ® of about +1 K, defined from high-temperature
magnetic susceptibility measurements, tentatively reflects the
disorder of Ni(2) magnetic moments.

IX. CONCLUSION

The transition metal nitrate, Ni(NOs),, investigated via
thermodynamic measurements, XAS, LSDA + U, and HF
calculations, appeared to be a low-temperature noncollinear
ferrimagnet. Its specific ground state is formed due to the
kagomé-type arrangement of one species of nickel ions
coupled antiferromagnetically with another species of nickel
ions. The frustration of the intraplane exchange interaction in
this model is lifted by the 120° arrangement of Ni(1) magnetic
moments deformed by an interaction with Ni(2) magnetic
moments.
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