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Co(NO3)2 as an inverted umbrella-type chiral noncoplanar ferrimagnet
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The low-dimensional magnetic systems tend to reveal exotic spin-liquid ground states or form peculiar types
of long-range order. Among systems of vivid interest are those characterized by the triangular motif in two
dimensions. The realization of either ordered or disordered ground state in triangular, honeycomb, or kagome
lattices is dictated by the competition of exchange interactions, also being sensitive to anisotropy and the spin
value of magnetic ions. While the low-spin Heisenberg systems may arrive to a spin-liquid long-range entangled
quantum state with emergent gauge structures, the high-spin Ising systems may establish the rigid noncollinear
structures. Here, we present the case of chiral noncoplanar inverted umbrella-type ferrimagnet formed in cobalt
nitrate Co(NO3)2 below TC = 3 K with the comparable spin and orbital contributions to the total magnetic
moment.

DOI: 10.1103/PhysRevB.102.094429

I. INTRODUCTION

Magnetic systems with reduced dimensionality are the in-
tense focus of modern physics promising new insights into
various quantum cooperative phenomena. Within this mul-
titude, the layered compounds with triangular motif attract
the utmost attention [1–3]. Similar to quasi-one-dimensional
magnets, the triangular [4], honeycomb [5], and kagome [6]
spin lattices may host an elusive spin-liquid state whose prop-
erties are mostly defined by fine details of the underlying
crystal structure. Along with disordered liquids, the layered
and chain magnets may also form peculiar magnetic structures
stabilized by interlayer or interchain interactions [7]. Among
these structures is nickel nitrate Ni(NO3)2, a noncollinear
umbrella-type ferrimagnet stabilized due to the competition
of multiple antiferromagnetic exchange interactions [8].

In variance with conventional collinear Lieb-Mattis ferri-
magnetism [9] which follows from incomplete cancellation
of two inequivalent antiferromagnetically coupled sublat-
tices, the noncollinear ferrimagnetism in Ni(NO3)2 stems

from the frustration of antiferromagnetic interactions on the
kagome lattice. The unconventional ferrimagnetism is real-
ized, in particular, in the layers of six-sublattices buckled
kagome antiferromagnets Cu3Bi(SeO3)2O2X (X = Br, Cl)
due to geometrical frustration and Dzyaloshinskii-Moriya
anisotropy [10]. Interestingly, the magnetic structure similar
to umbrella-type ferrimagnet is also formed in the α phase
of elementary manganese by strongly magnetic Mn1 and
Mn2, weakly magnetic Mn3, and nearly nonmagnetic Mn4
atoms due to frustration of antiferromagnetic coupling of
Mn4 [11].

Cobalt nitrate Co(NO3)2 belongs to a large family of an-
hydrous metal nitrates [12]. While these salts of alkali and
alkaline earth metals are chemically stable, 3d transition-
metal nitrates are quite hygroscopic [13]. Until recently, this
instability has prevented any thorough studies of numer-
ous transition-metal nitrates. Here, we present the results of
experimental and theoretical study of Co(NO3)2 (Fig. 1),
isostructural to its nickel counterpart, as obtained in measure-
ments of both thermodynamic and resonant properties, x-ray
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FIG. 1. Crystal structure of Co(NO3)2 in the polyhedral representation, visualized with VESTA software: Co1 (dark blue), Co2 (light blue),
N (veal), O (red) [14].

absorption near-edge structure (XANES) spectroscopy, and
electronic structure calculations.

II. EXPERIMENTAL

The title compound Co(NO3)2 in the form of a violet fine-
crystalline powder was obtained by gradually heating a 0.5-g
sample of NO[Co(NO3)3] from 25 to 140 ◦C for 2 h under
dynamic vacuum (0.01 mm Hg). Precursor NO[Co(NO3)3]
was obtained according to Ref. [15]. Purity of the obtained
Co(NO3)2 sample was confirmed by Cu Kα x-ray diffrac-
tion. Due to the strong hygroscopicity of NO[Co(NO3)3] and
Co(NO3)2, the procedures associated with the preliminary
preparations as well as recovery of the reaction product and
its storage were performed in a glove box in an atmosphere of
dry argon, with a moisture content not higher than 0.1 ppm.
Co(NO3)2 crystallizes in the rhombohedral R3̄ space group
with a = 10.500(2) A, c = 12.837(3) A, and Z = 12 [16].
The crystal structure of Co(NO3)2 is shown in Fig. 1. There
are two nonequivalent positions of the Co2+ ions in the struc-
ture of cobalt (II) nitrate; the occupation of these positions is
in the ratio of Co1:Co2 = 3:1. The CoO6 octahedra linked
through the regular and isosceles NO3 triangles constitute the
framework structure. The regular N1O3 triangles link the Co1
ions into perfect kagome layers in the ab plane. This network
hosts the Co2 ions lying in the hexagonal voids. The Co2 ions
are linked with Co1 ions through the isosceles N2O3 triangles.
The successive kagome layers shifted by quarter periods along
the a and b axes are coupled by N2O3 groups along the c
axis. The cobalt ions in Co(NO3)2 form two different CoO6

octahedra. The pairwise Co1–O bond lengths in the distorted
Co1O6 octahedra are 0.2076(1), 0.2092(1), and 0.2136(1) nm;
the Co2–O bond lengths in the regular Co206 octahedra are
0.2123(1) nm [16].

Co(NO3)2 was characterized in measurements of thermo-
dynamic and resonant properties. The field- and temperature
dependences of the magnetization M were taken by Quantum
Design Magnetic Properties Measurements System MPMS-
7T in a magnetic field up to B = 7 T in the temperature
range T = 2–300 K. High-field magnetization was measured
between 1.5 and 30 K in pulsed magnetic fields up to 58 T

by the induction method using a coaxial pick-up coil system
[17]. The sample has been cooled in zero magnetic field.
Then, when the temperature was stable, a pulsed magnetic
field was applied. Absolute values of the magnetization were
calibrated using data obtained in static fields. The temperature
dependence of specific heat Cp was measured by Quantum
Design Physical Properties Measurements System PPMS-9T
employing the relaxation mode. Electron spin-resonance spec-
tra for powder samples of Co(NO3)2 were recorded by using
an X -band electron spin-resonance (ESR) spectrometer CMS
8400 Adani ( f = 9.5 GHz, B � 0.7 T) equipped with a low-
temperature mount. The effective g factor has been calculated
with respect to a 1,3-bisdiphenylene-2-phenylallyl (BDPA)
reference sample with gref = 2.0035. To define the spin and
oxidation states of the cobalt ions at room temperature, the
XANES at the cobalt L2,3 and K edges has been employed.
Co L2,3 experiments were performed at the H-SGM beamline
at the National Synchrotron Radiation Research Center in
Taiwan. The data were taken in the total electron yield mode in
an ultrahigh vacuum chamber. The photon energy resolution
was 0.2 eV.

III. X-RAY ABSORPTION SPECTROSCOPY (XAS)

Since the compound under study was quite sensitive even
to a short exposure to atmosphere, the XANES studies were
performed after measurements of various physical properties.
The Co XANES L-edge spectra measured at 300 K are shown
in the left panel of Fig. 2 for both CoO and Co(NO3)2. It is
noted by the peak energy that the valence state of the Co ions
in Co(NO3)2 remains 2+ as that of CoO. In order to obtain
more details from the spectra, we have calculated the Co2+ L-
edge spectra using the configuration interaction cluster model.
This theoretical approach is based on atomic multiplet theory
and local effects of the solid. The upper panel of Fig. 2
shows the measured spectrum of Co(NO3)2 compared with
the simulations results with the contributions from the Co1
and Co2 ions. From the comparative results, it is clear that the
shoulder A comes from Co1; both peaks B and C are from
the combined contribution of Co1 and Co2. Feature D most
likely originates from the contribution of Co1. Intriguingly,
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FIG. 2. L-edge spectra of CoO and Co(NO3)2, and the simulated
spectrum of Co(NO3)2. The spectra from top to bottom are CoO,
Co(NO3)2, simulated Co(NO3)2 (pink) with Co1 (orange), and Co2
(green) contributions, and the enlarged broadening simulated spectra.

the simulated spectrum mimics very well the experimental
one of Co(NO3)2 with an increased full width at half maxi-
mum for the simulated components. The information of the
electron occupation and spin state is also available from the
simulations. The simulated spectra of Co1 and Co2 in the left
panel of Fig. 2 are obtained with the electron occupation in the
value of S(S + 1) to be 3.7453 and 3.7449 for Co1 and Co2.
Both values are very close to the high spin value of 3.75 for
Co2+ [Ar]3d7. Overall, the XAS combined with simulations
convincingly show a high-spin system in Co(NO3)2.

IV. X -BAND ESR

Over the entire investigated temperature range, the typical
ESR absorption signal of powder samples of Co(NO3)2 rep-
resents a distinct asymmetric mode, whose intensity increases
upon cooling the sample. For an S = 3/2 spin system (high-
spin Co2+, d7) in the octahedral environment, the zero-field
perturbation splits the energy levels into two doublets, |±1/2〉
and |±3/2〉. Thus, the absorption line could be assigned to
the transitions in the ground-state Kramers doublet with an
anisotropic g factor, which is assumed to originate from an
excited doublet with the effective spin 3/2 [18]. The available
data do not allow us to resolve possible differences between
the Co1 and Co2 signals.

In order to obtain quantitative estimations for the effective
g factors, we have fitted the experimental spectrum. Rea-
sonable description of the ESR line shape can be achieved
by summing two Lorentzians. Representative example of the
spectrum decomposition into resolved components is shown
in the inset to Fig. 3. Temperature dependences of the parame-
ters obtained from the line-shape analysis are shown in Fig. 3.
The principal values of the g tensor were found to be g⊥ =
4.16(2) and g‖ = 4.01(3), giving 2g⊥ + g‖ ≈ 12.33 in good
agreement with the value of about 13 calculated in Ref. [19]
for high-spin Co2+ (S = 3/2) in the octahedral oxygen coor-
dination. Both effective g factor and the ESR linewidth vary
weakly with temperature down to helium temperature. The
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FIG. 3. Temperature dependences of the integral ESR intensity,
effective g factors, and ESR linewidth for Co(NO3)2. The inset rep-
resents an example of the spectrum decomposition.

integral ESR intensity, which is proportional to the number
of magnetic spins, was estimated by double integration of the
experimental dP/dB(B) line. It follows the Curie-Weiss-type
behavior quantified in static magnetic susceptibility measure-
ments.

V. THERMODYNAMICS

Over a wide temperature range, specific heat Cp in
Co(NO3)2 was shown to follow the Debye function D(T )
which allows estimating the Debye temperature as �D ∼
340 K. The long-range magnetic order in the title compound
has been demonstrated in specific-heat measurements through
the formation of a sharp λ-type anomaly at TC = 3 K, as
shown in the upper panel of Fig. 4. The difference between the
experimental data and Debye function was used to estimate
the magnetic entropy Smag released at this transition. The Smag

vs T dependence is shown in the inset to the upper panel
of Fig. 4. Evidently, the quantity obtained at TC is small as
compared to the thermodynamic expectation R ln(2S + 1) =
11.5 J/mol K. This indicates that a significant portion of the
magnetic entropy is released above the phase transition, which
agrees with the reduced dimensionality and frustration in the
magnetic subsystem in Co(NO3)2.

Temperature dependence of DC magnetic susceptibility
χ = M/B of Co(NO3)2 taken at B = 0.1 T is shown in the
middle panel of Fig. 4. At high temperatures, it follows the
Curie-Weiss law corrected by the temperature-independent
term χ = C/(T − �). In the range 200–300 K, the fitting
of the experimental data gives C = 4.6 emu/mol K and
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FIG. 4. Upper panel: Temperature dependence of specific heat
in Co(NO3)2. The upper inset enlarges the low-temperature region
in the vicinity of the phase transition. The lower inset represents
the temperature dependence of magnetic entropy. Middle panel:
Temperature dependence of DC magnetic susceptibility χ = M/B in
Co(NO3)2. The inset represents the temperature dependences of both
real χ ′ (upper curve) and imaginary χ ′′ (lower curve) of AC mag-
netic susceptibility. Lower panel: Pulsed magnetic field dependences
of magnetization in Co(NO3)2 taken in both magnetically ordered
(T < TN ) and paramagnetic (T > TN ) phases. The inset represents
the image of inverted umbrella.

� = −47 ± 1 K. The negative value of the Weiss temperature
� is an indication of prevailing antiferromagnetic exchange
interactions. The value of the Curie constant C can be put into

correspondence with the effective magnetic moment μeff as
8C = μ2

eff [20].
The value of μeff = 6.07 μB is much higher than ex-

pected for the spin-only contribution μspin only = 3.87 μB. It
signifies a large component of the orbital magnetic moment
unquenched in the Co2+ ions. On the other hand, the effective
moment in the paramagnetic state can be expressed as μ2

eff =
ng2S(S + 1), where n = 1 is the number of the Co2+ ions
per formula unit. The average g-factor value g = 4.11(2) was
obtained in the ESR measurements and S = 3/2 is the value
of spin. Thus, μeff = 7.96(3) μB is to be expected. The re-
duction of the effective magnetic moment in the paramagnetic
state, i.e., 6.07 μB vs 7.96 μB, can be ascribed to single-ion
anisotropy of the Co2+ ions.

At low temperatures, the χDC(T ) dependence in Co(NO3)2

evidences the formation of ferrimagnetic long-range order.
The AC magnetic susceptibility χAC taken at alternating field
amplitude 3 G and frequency 2000 Hz is shown in the inset
to the middle panel of Fig. 4. Sharp singularities in both real
χ ′ and imaginary χ ′′ components mark the Curie temperature
TC = 3 K.

The field dependences of magnetization M taken in pulsed
magnetic field are shown in the lower panel of Fig. 4. The
curve taken at T < TN evidences a pronounced bending at
about 3 T reflecting the domain processes. The magnetization
reaches 2.8 μB/f.u. at 53.5 T. The magnetization measured at
T > TN smoothly rises with field increase reaching the same
value at highest magnetic field. This value is small compared
to the saturation value Msat = ngSμB, which is about 6.17 μB.

VI. FIRST-PRINCIPLES CALCULATIONS

To determine the magnetic ground state of Co(NO3)2, we
performed first-principles calculations within local density
approximation [21] including spin-orbit coupling for a non-
magnetic and noncollinear spin-polarized states (LDA and
LSDA+SO, respectively) as implemented in the Vienna Ab
initio Simulation Package (VASP) [22]. The energy cutoff for
the Bloch wave functions was set to 500 eV, and the Brillouin
zone was sampled by a 10 × 10 × 10 Monkhorst-Pack k-point
mesh [23]. The effect of electronic correlations of the Co
d electrons was taken into account by using the LSDA+U
method [24], with the on-site Coulomb U and intra-atomic
exchange J interactions 4.0 and 1.0 eV, respectively.

As shown in Fig. 5(a), the electronic band structure for
a nonmagnetic state of Co(NO3)2 obtained from LDA cal-
culations indicates a set of well-isolated bands located near
the Fermi level and corresponding to the Co 3d state with
a contribution from the O 2p electrons due to their strong
hybridization. These bands form two groups split by the octa-
hedral crystal field by ∼0.82 eV.

An insulating behavior of Co(NO3)2 is well reproduced
in spin-polarized calculations by including electronic corre-
lations of the Co 3d states, and the calculated density of
states given in Fig. 5(b) shows an energy gap of 1.63 eV.
The corresponding magnetic ground state was found to be
a noncollinear inverted umbrella-type configuration, where
the magnetic moments at Co2 are ordered ferromagnetically
along the c axis, while the Co1 magnetic moments are coupled
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FIG. 5. (a) Band structure of Co(NO3)2 as obtained from LDA
calculations. The highlighted bands form a basis for the low-energy
electronic model. (b) Density of states corresponding to a non-
collinear ferrimagnetic configuration of Co(NO3)2 obtained from
LSDA + U + SO calculations. The Fermi level is at zero energy.

antiferromagnetically to the Co2 sublattice and form a non-
coplanar 120° structure in the ab plane with a nonzero scalar
spin chirality, χS = S1 · ( S2 × S3) 	= 0. Thus, in agreement
with the experimental data, the electronic structure calcula-
tions reveal an antiferromagnetic coupling between the spins,
which is evident in the relative alignment of magnetic mo-
ments in the Co1 and Co2 sublattices and responsible for the
formation of a noncoplanar magnetic structure. The spin-orbit
interaction unquenches the orbital magnetic moments, which
are expected to be large for the Co2+ ions in the octahe-
dral environment. According to the third Hund’s rule, orbital
moments tend to align in the same direction as their spin
counterparts [24]. The obtained (absolute) values of the spin
MS and orbital ML magnetic moments are MS

Co1 ≈ MS
Co2 =

2.68 μB, ML
Co1 = 1.18 μB, and ML

Co2 = 1.35 μB, and the
corresponding net magnetic moments per formula unit are
MS

TOT = 0.32 μB and ML
TOT = 0.11 μB. There is a small mis-

alignment of the spin and orbital magnetic moments at the
Co1 sites [see Fig. 6(a)], which is expected if they are oriented
away from the high-symmetry directions in the crystal [24].
Furthermore, there is also a small contribution (∼0.03 μB) to
the spin magnetic moment coming from each oxygen site.

To explain the dependence of the magnetic structure
on an applied magnetic field, we employed the Hartree-
Fock approximation for the low-energy electronic model
[25], constructed on the basis of Wannier functions rep-
resenting the magnetically active bands, as shown in
Fig. 5(a). To this end, we used the procedure of maxi-
mal localization as implemented in the WANNIER90 package

FIG. 6. (a) Ferrimagnetic inverted umbrella-type ground state of
Co(NO3)2 and (b) dependence of the total spin and orbital magnetic
moments (per formula unit) on magnetic field, as obtained from
Hartree-Fock calculations. Shaded triangles represent nonzero scalar
spin chirality, and the diamond area denotes the unit cell.

[26]. Matrix elements of the hopping parameters includ-
ing crystal-field splitting and spin-orbit coupling for the
five-orbital model are obtained by projected the LDA
Hamiltonian onto the basis of Wannier functions, and
parameters of the on-site Coulomb interactions are com-
puted within constrained random-phase approximation [27].
Their calculated average values are U = 4.81 (3.67) eV
and J = 0.59 (0.61) eV for the Co1 (Co2) atoms. Since the
Coulomb repulsion U is different at Co1 and Co2, we had
to introduce an additional constraint in the process of calcu-
lations enforcing the d7 electronic configuration at each Co
site. The resulting ground-state magnetic structure shown in
Fig. 6(a) is in good agreement with LSDA + U + SO calcu-
lations. The corresponding spin and orbital contributions to
the magnetic moments are MS

Co1 ≈ MS
Co2 = 2.99 μB, ML

Co1 =
1.17 μB, and ML

Co2 = 1.36 μB, and the total spin and orbital
moments per formula unit are MS

TOT = 0.30 μB and ML
TOT =

0.18 μB. A small difference from LSDA + U + SO calcula-
tions in the spin magnetic moments comes from the fact that
the resulting Wannier functions contain both the Co 3d and O
2p contributions due to their hybridization in the magnetically
active bands. Finally, when applying a magnetic field along
the c axis, one can see that the umbrella-type canting out of the
ab plane can be controlled in both directions changing the
c-axis component of the total spin and orbital magnetic mo-
ments that depend almost linearly on the field magnitude. The
field dependences of both spin and orbital contributions to
the c-axis component of Co1 magnetic moments are shown
in Fig. 6(b).
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VII. CONCLUSION

There is only very narrow range of magnetic field
where experimental data and calculations can be compared.
Co(NO3)2 experiences the phase transition into magnetically
ordered phase with spontaneous magnetization and forms the
domain structure below TC = 3 K. The pulsed field measure-
ments at 1.5 K reveal firstly increasing magnetization due
to the processes of domain-wall displacements and after-
wards due to rotation of magnetization within single domains.
The rotation of magnetization has been calculated numeri-
cally. The slope of experimental M(B) curve in the range
3–7 T is dM/dB ∼ 0.05 μB/T at B = 5 T. This is in a fair
agreement with calculated behavior, i.e., sum of the spin con-
tribution, dM/dB ∼ 0.039 μB/T, and the orbital contribution,
dM/dB ∼ 0.011 μB/T. There is no phase boundary between
ferrimagnetic and paramagnetic phases in the presence of
magnetic field. So, reaching rather modest magnetic field val-
ues, the magnetization curve exhibits paramagnetic behavior
similar to that at 5 K.

In Heisenberg triangular antiferromagnets the frustration
of exchange interactions is lifted by formation of 120◦ chiral
structures. The umbrella-type structures are readily observ-
able in Heisenberg triangular antiferromagnets with easy-axis
anisotropy in a magnetic field applied along the c axis [3].
Ordinarily, this is not a case for Ising antiferromagnets. In
Co(NO3)2, however, the 120◦ motif appears due to mutual
orientation of local easy axes in Co1O6 octahedra. First-
principles calculations produce comparable values of spin and
orbital moments of Co2+ ions and establish a noncollinear
inverted umbrella-type structure with magnetic moments of
umbrella handle Co2 oriented along the c axis and magnetic
moments of Co1 forming a noncoplanar 120◦ structure in the
ab plane with a nonzero scalar spin chirality. This structure
turns out to be quite sensitive to external magnetic field al-
lowing for a significant alteration of the c-axis component
of both spin and orbital moments of the Co1 ions. Thus,

along with isostructural nickel nitrate, Co(NO3)2 represents a
unique case of unconventional chiral noncoplanar ferrimagnet
of inverted umbrella type. The single-ion anisotropy of Co
ions is much larger than that of Ni ions. Accordingly, the
magnetization curves in these compounds differ. It follows
from the calculations that the umbrella in Ni(NO3)2 is flat
compared to that in Co(NO3)2.

It is highly desirable to experimentally confirm the cal-
culated magnetic structure and its evolution under magnetic
field, which, given the chemical instability of the title com-
pound, seems not easy.
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