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Abstract—It is shown that the difference in the CoII and the 

AlIII ionic radii and a random distribution of the Co ions in the 

metal hydroxide layers of layered double hydroxides (LDHs) 

result in a series of highly distorted Co(OH)6 octahedral 

complexes. The distortions have been modelled by accounting 

for the Shannon ionic radii of metals and ligands. The energy 

of the four low lying Kramers doublets and its g-factors were 

calculated for all the Co-complexes. The statistical distribution 

of the distorted octahedra types has been shown to vary with 

cations content. It was found that the g-factors of the lowest 

Kramers doublets are highly anisotropic with different 

orientations of their main axes. The calculated broad range of 

the g-factor distribution is illustrated by the observed 

anomalies of the low temperature electron paramagnetic 

resonance response. The impact of the relative cations content 

n = (1-x)/x = CoII/AlIII on the nanoparticles aspect ratio of the 

[CoII
1-xAlIII

x(OH)2]x+(NO3)-
x·zH2O LDHs has been considered. 

Keywords — layered double hydroxides, oxygen octahedra, 

magnetic anisotropy, electron paramagnetic resonance 

I. INTRODUCTION  

New effects and features that are discovered in 2-D 
nanomaterials make them very attractive as objects of 
fundamental studies. Owing to unique combination of 
functionalities, they find a variety of important applications, 
such as optoelectronics, catalysis, energy storage and 
conversion, sensing, and biomedicine [1].  

Layered double hydroxides (LDHs) known also as 
anionic clays represent a numerous family of promising 2-D 
materials. In the majority of LDHs, the double metal cations 
are of the MII-MIII type. Such compounds are composed of 
parallel layers of the [MII

1-xMIII
x(OH)2]x+ hydroxides, in 

which the oxygen octahedraMO6 are edge-linked. Thickness 
of the hydroxide layer does not exceed 0.5 nm, while the 
interlayer height can be changed from about 0.3 nm to few 
nanometres depending on size, charge and arrangement of 
the intercalated anions [2].  

Owing to the relative stability in air and the capacity to 
adapt various chemical compositions and the layer charge 
(which is a function of the MII/MIII ratio), LDHs demonstrate 
unique features that make them very promising for new 

applications beyond the conventional areas such as catalysis 
and anion-exchange.  

Magnetic properties of LDHs that contain divalent 
cations of Co, Ni and/or trivalent cations of Mn, Cr, Fe in 
the hydroxide layers have been reported [3-7]. Magnetic 
ordering was found to occur in those LDHs at very low 
temperatures that makes unlikely a direct practical 
exploration of their magnetic transition. However, the 
dependence of their magnetic behaviour on the cation 
content and ratio as well as on the interlayer distance can be 
used in development of hybrid magnets and other functional 
materials [8-10]. Because of the layered nature of LDHs and 
a rhombohedral symmetry of the hydroxide layers, their 
crystallites are flake-like hexagons with the c-axis 
perpendicular to the flake face and large aspect ratio (i.e., 
the diameter-to-thickness ratio). Crystallites of the cobalt 
based layered doubled hydroxides are magnetically 
anisotropic. Such a property allows alignment of the 
crystallites in external magnetic field [11]. We have recently 
reported a magnetic field assisted formation of dense layers 
of the CoIIAl LDH crystallites [12]. 

This work is a part of our systematic experimental and 
theoretical study of magnetic properties of CoIIAl LDHs 
[13,14]. Here we report on a comparative study of magnetic 
anisotropy features of the CoIIAl layered double hydroxides 
with the cobalt-to-aluminium molar ratio, n = (1-x)/x = 2, 3, 
and 4, and intercalated with nitrate anion (hereafter, 
Co(n)Al-NO3 LDHs). We demonstrate that the considerable 
difference in ionic radii of Co and Al and a random 
distribution of Al ions both lead to the formation of a set of 
variously distorted nearest neighbour hydroxyl octahedral 
configurations for Co ions with very different magnetic 
ground states and a variety of the g-factor values. We 
suppose that the almost continuous g-factor variation in the 
range of more than one order degree can be one of a reason 
for the observed anomalous electron spin resonance (ESR) 
response in the Co(n)Al-NO3 (n=2, 3, 4). 

II. THEORETICAL CONSIDERATION  

The cations in the LDH hydroxide layers form a 
honeycomb lattice. The average space group symmetry in 
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which Co and Al ions are not distinguished is 3R m  (#166) 
[15]. The X-ray diffraction studies of Co(n)Al LDH do not 
reveal any superstructure peaks that would be expected in 
the case of the long-range cations ordering. The most 
prominent example of a possible ideal order may arise in the 
Co(2)Al LDH where in the case of undisturbed translation 
symmetry every Al ion has six cobalt ions as nearest 
neighbours and every Co ion is surrounded by three Co and 
three Al. In this ideal case, the net of Co ions forms so 
called magnetic kagome lattice.  

The absence of the long-range cation ordering implies 
some random statistical distribution of the Co-Al pairs. It 
has been shown that there are thirteen types (configurations) 
of Co-Al surroundings around given Co ion. The statistical 
weight of each configuration varies in accordance with the 
Co/Al ratio, n [14]. The considerable difference in the ionic 
radii of CoII and AlIII in sixfold coordination (R(CoII)=0.75Å 
versus R(AlIII)=0.54Å) as well difference in valence state 
must lead to highly distorted hydroxyl octahedral cage with 
specific for each configurations oxygen's shift and tilting of 
the O-H bonds. 

The rate of the oxygen distortions can be roughly 
estimated from comparison of the M-O distances in the 
same octahedral oxygen cage. For instance, in CoCO3 and 
LaAlO3, in which the M-O ionic radii nicely follow to the 
sum of metal and oxygen ionic radii with R(O2-)=1.38Å, 
Rn(Co-O) = 2.1096 Å and Rn(Al-O) = 1.8997 Å, 
respectively. In Co(2)Al LDH, the averaged M-O distance is 
Rs(Co-O)= Rs(Al-O)=2.0018 Å [15]. This comparison 
demonstrates that to fulfil equality of ionic radii in the 
Co(n)Al LDH, oxygen ions must shift up to 0.2 Å. A very 
large oxygen shift strongly affects the magnetic anisotropy 
of Co ions, which can be very different for all thirteen 
possible Co-Al configurations.  

To proceed with direct calculations of energy spectrum 
and g-factor values for CoII ions in the possible Co-Al 
configurations, we used the Modified Crystal Field Theory 
(MCFT), the original semi-empirical approach for 
calculations of the electronic structure of paramagnetic ions 
in coordination complexes with arbitrary symmetry and 
numbers of ligands [16,17]. The spin-orbit coupling is 
incorporated into MCFT and the positions of ligands, the 
ligands charges and the effective nuclear charge of the metal 
ion are the input parameters. 

To build a quantitative model of distorted oxygen cages 
(e.g. to find positions of ligands) we fixed the distances 
between cations in the octahedral layer and used the average 
oxygen positions from structural data on the Co(2)Al LDH 
intercalated CO3

2- [15] at a starting point. Note that in the 
following analysis of the magnetic anisotropy of Co(n)Al 
LDHs, the type of the intercalated anion does not matter.  

The oxygen distortion pattern in a given Co-Al 
configuration can be found if the condition of the real 
mentioned above distances Rn(Co-O) and Rn(Al-O) are 
satisfied. This request is fulfilled when 1) the common 
oxygen for three neighbouring Co ions shifts by 0.213 Å 
perpendicular to the plane of the octahedral layer (ab-plane); 
2) the common oxygen for two Co and one Al neighbouring 
ions shifts towards Al ion by 0.158 Å with the displacement 
vector in the ab-plane; 3) the common oxygen for one Co 
and two Al neighbouring ions shifts in a middle of the Al-Al 
connecting line by 0.158 Å and with the displacement vector 

in the ab-plane. It is supposed that for the cases 2) and 3) the 
O-H bonds with length Rn(O-H) = 0.97 Å being 
perpendicular to the octahedral layer are tilted by the angle 
θ=12º in the direction opposite to the oxygen shift. An 
example of the oxygen shifts is shown in the Fig. 1.  
 

  
Fig. 1. The distortion of cage of oxygen ions (in red) around Co ion with 
four Co ions (in blue) and two Al ions (in grey) as cation's nearest 
neighbours. The hydrogen ions are not shown. This case corresponds to the 
type (c) of the thirteen possible Co-Al surrounding (a-m) [14] shown 
below. Dark circles are MII ions, empty circles are MIII ions. The Co ions in 
the centres of hexagons are not shown.  

The energy spectra of CoII (configuration 3d7, basic term 
4F) for all 13 surroundings have been calculated using the 
distorted hydroxyls cages described above, the nominal 
valence charges of ligands and the CoII effective nuclear 
charge of 6.55|e|. The high spin state of CoII has been 
detected for all surroundings. Only four lowest Kramers 
doublets with the energy lower than 300 cm-1 are relevant 
for the LDH magnetic properties. For instance, the set of 
these energies in cm-1 for configurations (c) and (h) are: (0, 
50.4, 159, 169.5) and (0, 18.9, 66.3, 206.3), respectively. 
The calculated g-factor values of the ground state doublets 
of (c)- and (h)-configurations are:  

gxx(c)=3.65; gyy(c)=5.48; gzz(c)=1.88;  
gxx(h)=0.27; gyy(h)=0.25; gzz(h)=6.61; 

Here we chose Cartesian axes, where the z-axis is 
perpendicular to the octahedral layer and the x-axis is 
parallel to the a-lattice vector. The most symmetric (h)-
configuration, which is the basic unit of an ideal Co-Al 
order in a Co(2)Al LDH, shows anomalously large g-factor 
anisotropy. Furthermore, in this configuration, the second 
Kramers doublet at 18 cm-1, which has the lowest energy 
among second doublets of all others configurations, also 
shows a highly anisotropic g-factor: gxx(h,18) = 0.016; 
gyy(h,18) = 0.036; gzz(h,18)=3.198.  

The full set of the g-factor xx- and zz –components 
distributed among all possible Co-Al configurations in the 
Co(2)Al LDH is shown in Fig. 2. We accounted for the 
statistical weight of each configuration for the particular 
Co/Al ratio, n=2 [14].  

The results of calculations based on our simplified 
structural model demonstrate that in Co(n)Al LDH, the g-
factor of Co ions may vary by more than one order of 
magnitude, between 0.25 and 6.61. Our initial suggestion 
about fixed M-M distances can be violated in real LDH 
structures and the discrete g-factor distribution in Fig. 2 is 
replaced by a smoother one. Nevertheless, the range of 
variation should remain almost the same, since large and 
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multidirectional shifts of ligands is the main reason for this 
feature. In general, no magnetic anisotropy is expected for 
Co(2)Al LDH under g-factor distribution shown in Fig. 2. 
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Fig. 2. The diversity of the g-factor's xx- (a) and zz- (b) components in 
Co(2)Al LDH. The letters above rectangles denote the type of the Co-Al 
configurations enumerated in Ref. [14] (see also Fig. 1). The width of 
rectangle reflects the statistical weight of the given configuration and the 
height of rectangle corresponds to the g-factor magnitude which is denoted 
by the colour spheres at the rectangle's right side.  

The magnetic anisotropy of LDH nanoflakes may arise, 
if in the statistical limit of the Co-Al distribution, the weight 
of some configuration sufficiently prevails over others. We 
predict that for Co(4)Al LDH, the magnetic anisotropy lies 
in the ab-plane. In this case, the (b) configuration has the 
largest statistical weight of 0.383 [14] with the g-factor 
values gxx(b)=5.47; gyy(b)=3.34; gzz(b)=2.56.  

Another scenario can realize if the Co-Al distribution 
resides in between of two limiting cases, namely the fully 
random statistical distribution and the long-range order with 
perfect translational symmetry. A short-range order, which 
is not detectable in X-ray diffraction studies, may introduce 
some preferable configuration. In Co(2)Al LDH, a kagome 

like short-range order forms within the (h)-type 
configuration. In accordance with the above calculations, a 
prevailing number of the (h) configuration in Co(2)Al LDH 
will induce magnetic anisotropy perpendicular to the 
octahedral layer. 

 

III. EXPERIMENTAL DETAILS AND SAMPLE PREPARATION  

 
The experimental procedure of synthesis of the Co(n)Al-

NO3 layered double hydroxides (n = 2, 3 and 4) studied in 
this work was the same as that described in [11]. Phase 
content and crystal structure of the obtained LDH powders 
were monitored by X-ray diffraction (XRD) using a 
PANalyticalX’Pert Powder diffractometer (CuKα radiation, 
45 kV, 40 mA) at ambient conditions.  

Size and morphology of the LDH nanoparticles were 
characterized using a Hitachi HD-2700 scanning 
transmission electron microscope (STEM) with an electron 
beam accelerating voltages of 80-200 kV. For a STEM 
study, the samples were prepared by dispersing 0.1 g of 
slurry into 5 ml of ethanol using an ultrasonic bath.  

XRD study has confirmed that the obtained 
compositions are single-phase LDHs. It was found from 
analysis of the XRD patterns that the a-parameter of the 
Co(n)Al-NO3 LDHs appropriately increases with increasing 
n - value (i.e. with the Co content) as ionic size of cation 
CoII in octahedral coordination is bigger than that of cation 
AlIII. In Co(2)Al-NO3, we observed no superlattice Bragg 
peaks that could arise as a result of long-rage ordering of Co 
and Al ions. This is an indication of either a random 
distribution of Al ions or at least a short-range of kagome-
like order with a few lattice constants length.  

The STEM images of crystallites of the Co(n)Al-NO3 
LDHs are shown in Fig. 3. It is seen that the diameter of the 
crystallites decreases as the Co/Al ratio increases.  

Directional magnetic anisotropy that suggests a 
respective short range order in Co(2)Al-NO3 is uncovered 
under application of static magnetic field during 
precipitation of dispersed flake-like nanocrystallites of this 
LDH [12]. It has been shown that the aligning action of 
magnetic field results in highly oriented dense layers of the 
Co(2)Al-NO3 nanocrystallites with the flake surfaces 
perpendicular to the magnetic field (Fig. 4). Such anisotropy 
evidences the presence of kagome-lattice type of short-range 
order with the number of Co-Al (h)-configurations 
prevailing in the distribution expected for fully random Co-
Al distribution. 

200 nm 200 nm 200 nm

(a) (b) (c)

 
Fig.3  STEM images of the dispersed crystallites of Co(2)Al-NO3 (a), Co(3)Al-NO3 (b), and Co(4)Al-NO3 (c). 

(a) 

(b) 
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Fig.4 (a) Scheme of the magnetic field action on the precipitation process 
of a hexagonal crystallite of Co(2)Al-NO3. A fragment of the octahedral 
layer is only shown. The red arrows represent magnetic moments of CoII 
cations. The presence of the directional magnetic anisotropy due to g-factor 
anisotropy gzz>>gxx,gyy confirms by SEM images (cross section views) of 
layers of the Co(2)Al-NO3 crystallites deposited on glass substrates without 
(b) and with (c) application of magnetic field [12]. Magnetic field was 
applied perpendicular to the substrate surface. 

IV. ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY  

The presence of Co-Al disorder in Co(n)Al-NO3 LDHs 
was analysed via electron paramagnetic resonance (EPR) 
study. For the EPR measurements, the LDH powders were 
compacted into discs of about 3 mm in diameter and about 
0.3 mm thick. Continuous wave (CW) EPR measurements 
were performed at X-band microwave frequency (~9.4 
GHz) using a conventional Bruker ELEXSYS E580 EPR 
spectrometer. A 1 mW microwave power was applied. The 
strength and frequency of the modulating field were set to 6 
G and 100 kHz, respectively. The cooling of the samples 
was performed in a zero-field mode.  

Temperature dependent CW EPR spectra of Co(n)Al-
NO3 (n = 2,3,4) are shown in Fig. 5. The significant changes 
and strong baseline distortions are observed in the spectra of 
Co(2)Al-NO3 and Co(3)Al-NO3 recorded below 70 K. A 
similar behaviour was detected in the spectra of Co(4)-Al-
NO3 below 50 K. No EPR signals from the samples were 
obtained above these temperatures.  

We relate the observed features of the EPR spectra to the 
large number of different Co(OH)6 coordination complexes 
which induce a wide-range variation of the g-factor values. 
Our model calculations found a few excited Kramers 
doublets in the range of 40-300 cm-1, which should promote 
fast relaxation of the electron spin. Therefore EPR spectra 
are too broad to be observed at temperatures with kBT 
comparable with energy of the lowest excited doublets. 
Such a situation is typical of the EPR data on high-spin CoII 
complexes [18]. The exchange interactions may also 
contribute to anomalous broadening in spite of its quite low 
value of a few K in Co(n)Al-NO3 [13]. 

We also considered the observed low-field line at about 
0.12 T labelled as “Co2+” in Fig. 5a with the g-factor value 
of about 5.7. A signal is clearly seen in the Co(2)Al EPR 
spectra but is absent for LDHs with n=3 and 4 (Fig.5(b,c)). 
Since the g-factor value of this signal is rather high, it can 
be assigned to the EPR signal from the (h)-type Co-Al 
coordination. the absence of this signal in EPR spectra of 
Co(n)Al LDHs with n=3,4 can be explained by a relatively 
small number of the (h)-type configurations in these 
compounds. The signal is not seen at 5 K, which is the 
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Fig. 5. X-band CW EPR spectra of Co(n)Al-NO3 (n = 2, 3 and 4) recorded at different temperatures. Signal of Co2+ in distorted octahedral environment with g-
factor around 5.7 is indicated by arrow in the panel (a). Impurity signals of Cu+2 and Fe+3 of cryostat are marked in the panel (c). 
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temperature close to the onset of magnetic moment [13]. It 
is interesting that in [10], the highly anisotropic g-factors 
ratio gzz/gxx ~13 ÷ 20 has been restored using a susceptibility 
fitting procedure for Co(2)Al LDH with various types of 
anions.  

The EPR spectra of the Co(n)Al-NO3 LDHs cannot 
determine the real composition of Co-Al configurations; 
however, a large diversity of them is clearly seen in every 
LDH compound under study.  

CONCLUSION  

We considered the microscopic origin of the magnetic 
anisotropy observed in Co(n)Al LDHs (n=2,3,4). The 
considerable difference in the Co and Al radii is the main 
cause of the highly anisotropic magnetic properties of 
various Co-Al surroundings. The random Co-Al distribution 
with short-range order results in very complex magnetic 
behaviour. Particularly, the direction of magnetic anisotropy 
depends on the Co/Al ratio.  
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