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ABSTRACT: The key role of the structural defects on the magnetic properties of cobalt ferrite nanoparticles is investigated 
by complementary local probes: element- and site-specific X-ray magnetic circular dichroism (XMCD) combined with high 
resolution transmission microscopy of individual nanoparticles. A series of monodisperse samples of 8 nm nanoparticles with 
a tunable amount of structural defects were prepared by thermal decomposition of Fe(III) and Co(II) acetylacetonates in the 
presence of a variable concentration of 1,2-hexadecanediol. Particles show a partial inverse spinel structure, and their 
stoichiometry and cation distribution are comparable along the series. Element-specific XMCD hysteresis loops at all the 
cationic sites show a decrease in squareness and an increase in both the closure field and the high-field susceptibility as the 
nanoparticles become more structurally defective, suggesting the progressive loss of the collinear ferrimagnetism. However, 
the Co2+ cations in octahedral sites are significantly more affected by the structural defects than the rest of the cations. This 
is because structural defects cause local distortions of the crystal field acting on the orbital component of the cations yielding 
effective local anisotropy axes that cause a prevalent Co2+ spin canting through the spin-orbit coupling, owing to the relatively 
large value of the partially unquenched moment of these cations, as found by XMCD. All in all, our results emphasize the crucial 
role of the Co2+ cations on the destabilization of the collinear ferrimagnetism with the inclusion of structural defects in cobalt 
ferrite nanoparticles. 

1. INTRODUCTION 

Cobalt ferrite (CoxFe3-xO4, where 0 < x ≤ 1) nanoparticles 
(NP) with sizes below 10 nm attract special attention in 
both technological and biomedical applications due to their 
unique physical and chemical properties.1,2 To give a few 
examples, they are promising for magnetic recording due to 
their high coercivity at room temperature and a high Curie 
temperature  (𝑇𝐶)   even for NP of few nanometers in size.3,4 
They also exhibit a comparable efficiency to iron oxide for 
magnetic hyperthermia due to their higher magnetic 
hardness and good saturation magnetization.4–6 
Furthermore, Co-ferrite NP have shown encouraging 
results in the detection and separation of biomolecules due 
to their versatile surface easily functionalized with 
inorganic, organic or biological compounds,7–9  and display 
an enhanced magneto-optical response in combination with 
a noble metal.10 From the fundamental point of view, CoxFe3-

xO4 NP are also interesting systems to study the occurrence 
of exotic magnetic phenomena in comparison with their 
bulk counterparts, such as spin canting due to the existence 

of a dead layer for NP smaller than 5 nm,11 a reduction of the 
magnetic anisotropy due to the shape manipulation or an 
enhancement of the magnetic performance because of an 
improvement of the crystal quality in samples with the 
same particle size.12–14 In particular, due to their spinel 
structure, structural defects within the NP may destabilize 
collinear ferrimagnetism due to the competition between 
the inter- and intra-sublattice superexchange interactions.  
Moreover, a change in the cation distribution has been 
shown as a source of crystal lattice distortions even for 
samples with a similar cation composition.15–17  However, 
this phenomenon is under discussion and there are still 
doubts about the effect of the cation inversion on both 
structural and magnetic properties of these NP.17–25  

Among the techniques used to study the effects 
associated with the cation distribution in these systems, 
synchrotron radiation-based X-ray Absorption 
Spectroscopy (XAS) and X-ray Magnetic Circular Dichroism 
(XMCD) 26 have proven to be very powerful because one can 
obtain local information of the electronic and magnetic 



 

properties of NP in a wide range of temperatures and 
magnetic field protocols with element-, valence- and crystal 
site- sensitivity, both in ensembles of NP (Ref. 27 and 
references therein) as well as in individual NP when 
combined with nanoscale imaging techniques. 28 

On the other hand, to find a methodology to prepare 
CoxFe3-xO4 NP with a great control over the structural 
features is of key importance. The decomposition of metal-
organic precursors has shown excellent control over the 
particle structure by an accurate monitoring of the 
synthesis conditions not only in transition metal oxide 
particles,29,30 but also in quantum dots,31 metallic, and alloy 
NP.32 Previously, some of us showed that the decomposition 
of Co(II) and Fe(III) acetylacetonates using 1-octadecene as 
organic solvent led to 8 nm spherical NP with narrow size 
distribution, homogeneous composition throughout the 
particle, and very similar cationic compositions.13,14 In 
summary, we showed that the amount of the reagent 1,2-
hexadecanediol in the reaction mixture had a great impact 
on the crystallinity of the particles. Without the presence of 
this compound, NP showed poor crystal quality and 
crystallite boundaries which led to a great deterioration of 
the magnetic properties. Hysteresis loops exhibited high 
magnetic irreversibility, and the coercive field and the 
saturation magnetization dropped sharply. In addition, zero 
field cooled (ZFC) curves exhibited a large reduction of the 
blocking temperature. In contrast, NP synthesized with 
increasing amounts of 1,2-hexadecanediol up to 6 mmol 
displayed a noticeable improvement on the structural and 
magnetic properties approaching those of the bulk 
counterpart. The actual microscopic mechanisms 
underlying this strong magnetic degradation are not clear 
yet since this is not shown to such a great extent by other 
ferrite NP such as the more widely studied magnetite 
(Fe3O4). 

Within this framework, in this paper, we show through 
XAS and XMCD experiments and simulations the key role 
that the existence of crystalline defects in Co-ferrite NP 
plays on their final magnetic performance. Element-, 
valence- and site- specific analyses allow us to conclude that 
2+ cations, in particular Co2+, are much more sensitive to the 
presence of structural disorder within the NP than Fe3+ 
cations, showing a sharp increase on their spin canting with 
a smaller number of crystalline defects. Regarding Fe 
cations, we show that the canting takes place firstly in 
octahedral sites thanks to their smaller number of next-
nearest neighbors in the tetrahedral sublattice, yielding a 
much more sensitive site to the partial substitution of 
tetrahedral Fe3+ by Co2+.  

On a more general note, our study highlights the crucial 
importance of Co2+ cations in the understanding of the large 
variability of the magnetic properties found in the literature 
for Co-ferrite NP with slightly different structural 
properties.  

2. EXPERIMENTAL    

2.1. Nanoparticle synthesis. Co-ferrite NP were obtained 
following our previous protocol described elsewhere.13,14 
Briefly, Co (II) and Fe (III) acetylacetonates were 
decomposed at 310 ºC in 1-octadecene using oleic acid as 
surfactant and with increasing concentrations of 1,2-
hexadecanediol as follows: 0, 0.125, 0.25 and 0.5 mM for 

samples here called S1, S2, S3, and S4, respectively. 
Afterwards, the particles were precipitated by 
centrifugation, dried with compressed air, dispersed in 5 ml 
of hexane and stored at room temperature without further 
purification. 

2.2. Experimental techniques. Particle size and shape 
were analyzed by Transmission Electron Microscopy (TEM) 
using a MT80-Hitachi microscope. TEM samples were 
prepared by placing one drop of a dilute suspension of NP 
onto a carbon-coated copper grid and letting it dry at room 
temperature. Size distributions were determined by 
inspection of at least 2000 NP and the resultant histograms 
were fitted to a log-normal function. The mean particle size 
(𝐷𝑇𝐸𝑀) and the standard deviation (σ) were computed from 
these fits. The particle crystal structure was studied by the 
analysis of High-Resolution TEM (HRTEM) images from 
Titan high-base and JEOL-2100 microscopes. The crystal 
phase of the CoxFe3-xO4 particles was identified by powder 
X-ray diffraction (XRD) performed in a PANalytical X’Pert 
PRO MPD diffractometer by using Cu Kα radiation and 
collecting the data within 5 and 120° for 2θ. The XRD 
spectra were indexed to an inverse spinel structure and the 
crystal size (𝐷𝑋𝑅𝐷) was calculated by a Rietveld analysis 
using the Full Proof suite program.33,34 The organic fraction 
was determined by Thermogravimetric Analysis (TGA) 
measurements performed using a TGA-SDTA 851e/SF1100 
(Mettler Toledo) with a heating rate of 10 °C·min-1 from 
room temperature up to 800 °C in a nitrogen atmosphere. 
Magnetization measurements were carried out with a 
Quantum Design SQUID magnetometer. The values of the 
magnetization at 50 kOe (𝑀𝑚𝑎𝑥) and the coercive field (𝐻𝑐) 
were obtained from the hysteresis loops 𝑀(𝐻) recorded 
within ±50 kOe at 5 K and 300 K. The values of 𝑀𝑚𝑎𝑥  were 
normalized to the magnetic content by subtracting the 
organic fraction estimated by TGA from the total mass of the 
samples. The average magnetic diameter (𝐷𝑚𝑎𝑔) for each 

sample was calculated assuming that particles at 300 K 
were superparamagnetic and with negligible effects due to 
interparticle interactions.35 So, in this regime, 𝑀(𝐻) curves 
were fitted to a log-normal distribution 𝑃(𝑚) of Langevin 
functions 𝐿(𝑥) associated with the superparamagnetic 
behavior of the particles plus a linear field term caused by 
the lack of collinearity in the internal ferrimagnetic 
ordering within the particles due to the presence of 
crystalline defects 

𝑀(𝐻, 𝑇) = 𝑀𝑠  
∫ 𝑚𝑃(𝑚)𝐿(

𝑚𝐻

𝑘𝐵𝑇
)𝑑𝑚

∫ 𝑚𝑃(𝑚)𝑑𝑚
+ 𝜒𝑝𝐻      (1) 

Here 𝑚 is the magnetization of the crystallites that form 
the particles, 𝑀𝑠= 410 emu·cm3 (69 emu·g-1)  is the 
saturation magnetization of bulk Co0.7Fe2.3O4, 𝑘𝐵 is the 
Boltzmann constant and 𝜒𝑝  is an effective paramagnetic 

susceptibility caused by non collinear spin contributions.4 
Since  𝑚 =  𝑀𝑠𝑉𝑚, where 𝑉𝑚 is the activation magnetic 
volume associated with the crystallites, the distribution of 
𝑉𝑚 for each sample was computed from the fitted 𝑃(𝑚). 
Finally, 𝐷𝑚𝑎𝑔  was estimated from the average value of 

𝑉𝑚 assuming a spherical shape of the crystallites. ZFC 
magnetization curves were measured within 5–300 K with 
an applied magnetic field of 50 Oe. Further details of the 
structural and magnetic features are reported 
elsewhere.13,14  



 

 

Figure 1. Effect of crystallinity on the effective magnetic 
diameter of the samples. HRTEM images for (a) S1, (b) S2, (c) 
S3, (d) S4. White dashed lines in S1 and S2 indicate 
crystallographic domain boundaries. (e) Table summarizes the 
structural features for the samples:  𝐷𝑇𝐸𝑀, 𝐷𝑋𝑅𝐷  , together with 
𝐷𝑚𝑎𝑔 that has been obtained from magnetization 

measurements. 

XAS and XMCD experiments around the Fe L2,3 and Co L2,3 

edges were performed in order to gain insight into the 
oxidation state, cation occupancy, and atomic magnetic 
moment (spin and orbital moments, separately) of the Fe 
and Co atoms in the NP for the series of samples. 
Monolayered ensembles of NP were prepared by either 
drop casting or spin coating under a N2 atmosphere of 
diluted nanoparticle suspensions onto bare SiOx substrates. 
The substrates were glued with silver paste to a non-
magnetic sample holder which was entered into the air-lock 
chamber and transferred into the cryomagnet.36 
Measurements were performed at the X-Treme beamline of 
the Swiss Light Source 36 with circularly polarized X-rays 
using a normal incidence geometry with the external 
magnetic field parallel to the X-ray beam. All the spectra 
were collected in total electron yield mode (TEY) in ultra-
high vacuum conditions (~10-11 mbar) at a temperature of 
2 K and at a magnetic field of up to  69 kOe at which the NP 
in the four samples were well saturated. TEY spectra were 
recorded using an on-the-fly scanning method measuring 
the drain current with an energy resolution better than 0.1 
eV. The XMCD measurements were recorded by reversing 
both the circular polarization (left-/right- helicity) and the 
external magnetic field ( 69 kOe) to minimize 
measurement artifacts. The isotropic XAS were obtained by 
the sum of the left- and right- circular polarization data 
while the XMCD spectra were obtained by the difference 

between the left- and right- circular polarization 
measurements normalized to the isotropic XAS after 
correcting for the background. Total fluorescence yield data 
(TFY) were also recorded for one of the samples (S4) using 
a Si photodiode. The absence of detectable differences 
between the surface-sensitive TEY spectra and the bulk 
sensitive TFY XAS reveals that the electronic structure 
throughout the whole volume of the CoxFe3-xO4 NP is the 
same as that of the surface. 

3. STRUCTURAL AND MAGNETIC FEATURES OF CO-
FERRITE NP 

Figure 1 shows the main structural features together with 
𝐷𝑚𝑎𝑔  obtained from magnetization measurements, for the 

series of samples.13,14 All samples exhibit narrow size 
distributions which are very similar to each other, with a 
mean size 𝐷𝑇𝐸𝑀 centered on 8 nm and a standard deviation 
σ of ~1 nm. HRTEM images depicted in Fig. 1a-d show 
round-shaped particles with interplanar distances of 2.1 
(S1), 2.5 (S2 and S3) and 4.8 Å (S4) related to the atomic 
planes (4,0,0), (3,1,1) and (1,1,1) of the Co-ferrite, 
respectively.33 Despite the good agreement in particle size 
and morphology, the samples show a strong dependence of 
the crystal quality on the concentration of 1,2-
hexadecanediol in the reaction mixture. Whereas at low 
concentrations of 1,2-hexadecanediol, the particles exhibit 
defects and several crystallographic domain boundaries 
randomly oriented throughout the whole particle volume 
(Fig 1a,b), higher concentrations of this reactant lead to the 
formation of particles with almost no crystallographic 
defects (samples S3 and S4) and high structural order 
throughout the whole particle volume. 𝐷𝑋𝑅𝐷 data also 
confirm this enhancement of the crystalline quality from 
samples S1 to S4, as 𝐷𝑋𝑅𝐷 tends to 𝐷𝑇𝐸𝑀 with increasing 
content of 1,2-hexadecanediol.13,14 None of the samples 
show particles with defective shells, neither in composition 
nor in crystallographic order, as compared to their 
respective cores, as shown by high-angle annular dark-field 
(HAADF) images and energy dispersive X-ray spectroscopy 
(EDX) maps in Fig. S1, Supporting Information, and 
Supplementary Information of Ref. 14. 

The magnetic properties obtained by SQUID 
magnetometry show a large variability, ranging from the 
characteristics of a frustrated cluster glass to a bulk-like 
ferrimagnetic behavior as the crystalline quality 
progressively improves. For instance, the temperature 𝑇𝑝 

corresponding to the cusp in the ZFC curve, which gives an 
estimation of the blocking temperature of the particles, 
rises monotonously along the four samples (Fig. 2a) from 
150 K for S1 up to 270 K for S4. The latter compares 
reasonably well with previous studies of highly crystalline 
NP of similar sizes and stoichiometry.13,14,37–41 However, 𝑇𝑝 

=150 K for S1 is much lower than expected for the blocking 
temperature of 8 nm Co-ferrite particles, suggesting that the 
effective magnetic volumes being actually blocked are much 
smaller than the size of the particles. This is a clear 
indication of the occurrence of more disordered magnetic 
arrangements in samples with poorer crystalline quality.      

Moreover, 𝑀(𝐻)  curves at 300 K shown in Fig. S2 in 
Supporting Information clearly display two different 
behaviors depending on the particle crystalline quality. For 
the most structurally defective samples, S1 and S2, 



 

𝑀(𝐻)  show higher values of the superimposed 
paramagnetic susceptibility, 𝜒𝑝 = 0.33 ± 0.01 and 0.16 ± 

0.01 emu/(g·kOe), respectively, and lower values of 𝑀𝑚𝑎𝑥 . 
In contrast, for samples with high crystalline quality, S3 and 
S4, 𝑀(𝐻)  curves reach saturation below 15 kOe and show 
much higher values of 𝑀𝑚𝑎𝑥 = 60 ± 2 and 67 ± 1 emu/g, 
respectively. 

Figure 2. Main features of the magnetic characterization for 
the four samples. (a) Temperature 𝑇𝑝  (red dots) corresponding 

to the cusp of the ZFC curves measured at 50 Oe. (b) 𝐻𝑐  (black 
triangles) and 𝑀𝑠 (blue squares) obtained from the hysteresis 
loops recorded at 5 K within ±50 kOe. Dashed lines are a guide 
to the eye. 

It is worth noting that these values of 𝑀𝑚𝑎𝑥   for samples 
S3 and S4 are only slightly lower than that of the bulk value 
at room temperature (69 emu·g-1), which is a further 
evidence of their high crystalline quality.  13,14,37–41 The 
overall dependence of 𝑀𝑚𝑎𝑥  with the samples is shown in 
Fig. 2b. The occurrence of a higher degree of magnetic 
disorder and frustration as the particle crystallinity 
worsens is also evident from the abrupt drop in 𝐻𝑐 of the 
hysteresis loops measured at 5 K, as shown in Fig. 2b. In 
addition, computed values of 𝐷𝑚𝑎𝑔  (Fig. 1) found by fitting 

𝑀(𝐻)  curves to Eq.(1) are comparable to 𝐷𝑋𝑅𝐷 and show an 
increase from 2.1 ± 0.4 to 8.9 ± 0.2 nm, in agreement with 
𝐷𝑇𝐸𝑀, as the particles become single crystal from samples 
S1 to S4.13,14 

To summarize this part, we have shown a progressive 
enhancement of the crystalline quality for the series of 

samples by the addition of increasing amounts of 1,2-
hexadecanediol in the reaction mixture. Consequently, the 
main macroscopic magnetic features of the samples 
improve and show higher values of 𝑇𝑝 in ZFC curves, 𝑀𝑚𝑎𝑥  , 

and 𝐻𝑐. In addition, samples saturate at lower magnetic 
fields and exhibit larger 𝐷𝑚𝑎𝑔 .  

4. INSIGHTS INTO THE CATIONIC MAGNETIC ORDERING 
BY XAS AND XMCD  

The Fe L2,3 edge XAS (not shown) and XMCD spectra 
shown in Fig. 3a display the usual features previously 
described for CoFe2O4.17,42–44 In particular, the XMCD 
spectra (Fig. 3a) shows the three characteristic peaks 
around the Fe L3 edge that are well known in the 
literature,45 each arising predominantly from an oxidation 
state/site of Fe in the structure: the lowest energy, negative 
peak corresponds to octahedral (Oh) Fe2+, the positive peak 
to tetrahedral (Td) Fe3+ and the highest, negative peak to 
(Oh) Fe3+. The features having opposite signs reveal the 
antiferromagnetic coupling between the Td and the Oh 
sublattices. The Co L2,3 XAS and XMCD spectra in Fig. 3b also 
show the typical appearance for Co-ferrite spinels 
containing Co2+ ions in both Oh and Td sites.17,19,44,46  

A more precise analysis and understanding of the 
experimental XAS and XMCD data was obtained by 
comparison with theoretical spectra acquired from ligand 
field multiplet (LFM) calculations47,48 using the CTM4XAS 
5.0 program,49 including full spin–orbit coupling, crystal 
field splitting, and the reduction of the 3d3d and 2p3d Slater 
integrals to account for the electronic repulsions.49 XMCD is 
dependent on the magnetic moments of the Fe and Co 
cations in the two sublattices in the Co-ferrite structure, 
valence state (via the number of d electrons), and site 
symmetry (through the crystal field value).47 The 
simulations define which valence state and site is 
responsible for each spectral peak and provide the site 
occupancies of each type of cation by fitting the 
experimental XAS and XMCD with a weighted linear 
combination of the LFM calculated spectra for Fe2+(Oh), 
Fe3+(Td), Fe3+(Oh), Co2+(Oh) and Co2+(Td) for a given crystal 
field (Oh or Td symmetry) for each site, as hitherto done in 
a number of ferrite spinels.17,19,46,50 As an example, Fig. 3 
shows the fits for sample S3 of the experimental XAS and 
XMCD around the Fe L2,3 edge and Co L2,3 edge to linear 
combinations of the LFM calculated spectra for all the 
corresponding cationic sites. Details of the parameters used 
to perform the LFM calculations as well as the simulated 
spectra for all the cations are shown in Fig. S3, Supporting 
Information. The obtained Fe and Co cation distribution for 
all samples is shown in Fig. 4. Using those site occupancies, 
the average Fe and Co oxidation states were determined for 
each sample.  

The orbital (𝑚𝐿), spin (𝑚𝑆) and total magnetic moment 
(𝑚𝐿 + 𝑚𝑆) per average Fe ion and Co ion, were determined 
using the XMCD sum-rule analysis 51,52 from the 
experimental XAS and XMCD spectra. For the L2,3‐edge 
spectra of transition metals, the XMCD signal is directly 
proportional to the atomic magnetic moment of the excited 
atom or ion. In our sum-rule calculations, the magnetic 
dipole operator, 〈𝑇𝑧〉, related to the anisotropy of the spin 
moment within the atom, was neglected. This assumption 
holds when the local symmetry of the atomic sites is high, 



 

as is the case of Co-ferrite NP with a cubic crystallographic 
structure, and is often used for transition metal atoms.45,53 
The total number of holes 𝑛ℎ per average metal ion M was 
estimated considering the relative distribution of cations 
derived from the simulations: 𝑛ℎ = 𝑛ℎ(M2+)(%M2+)+ 
𝑛ℎ(M3+)(%M3+), similarly to earlier works on Co-
ferrites.16,17,19 The number of holes 𝑛ℎ was set to 5.3 and 6.1 
for Fe3+ and Fe2+cations, respectively, and 7.21 for 
Co2+.17,18,54 

Figure 3. XMCD spectra at 2 K with H= 65 kOe recorded from 
sample S3. Photon energy for (a) Fe peaks: Fe2+ (Oh) = 706.9 
eV, Fe3+ (Td) = 708.1 eV, Fe3+ (Oh) = 708.7 eV. (b) Co peak: Co2+ 
(Oh) = 777.7 eV. Black and red solid curves show experimental 
and LFM calculated data, respectively. 

The spin and orbital contributions to the magnetic 
moment of Fe and Co atoms for the series of samples are 
displayed in Fig. 5a. The orbital contribution to the Fe 
moment per atom, around 0.05 µB, remains almost 
quenched for the four samples, which implies that the “spin 
only” model is a good approximation to account for the net 
moment of Fe cations. Moreover, the orbital contribution to 
the Co moment per atom is a bit larger, increasing from 0.15 
± 0.05 up to 0.23 ± 0.06 µB as the crystalline quality of the 
NP downgrades from samples S4 to S1.55,56 In contrast, spin 
contributions are dominant to both Fe and Co moments for 
the four samples, showing the maximum values for the 
single-crystal NP in sample S4. On the one hand, the spin 
contribution to the Co moment per atom exhibits a 
monotonic decrease from 0.56 ± 0.02 to 0.28 ± 0.024 µB from 
sample S4 to S1, suggesting a remarkable and progressive 

effect of the structural defects on the non-collinear 
arrangement of the Co moments. Besides, the spin 
contribution to the Co moment for the most defective 
sample, S1, is only slightly larger than the orbital 
contribution, which may also be associated with a highly 
disordered state of the Co moments. On the other hand, the 
spin contribution to the Fe moments per atom remains 
almost constant at about 0.8 µB for the samples S4, S3 and 
S2, but experiencing a sudden drop to 0.42 ± 0.04 µB for S1 
when the number of structural defects is large enough and 
the Co moments are highly misaligned. These results for the 
Co and Fe moments per atom as a function of the crystalline 
quality evidence the more robust collinear arrangement of 
the Fe moments as compared to Co which is more strongly 
affected by the inclusion of structural defects within the 
particles.  

The net magnetic moment per formula unit (f.u.) for the 
four samples (black dots, Fig. 5b) was quantified from 
XMCD using the spin and orbital contributions from Fig. 5a 
and a similar average cation distribution for the four 
samples of (Fe3+0.78Co2+0.22)Td [Fe2+0.33Fe+31.22Co2+0.45]Oh O4, as 
will be discussed later.  Interestingly, the general trend of 
the net moment as a function of the crystalline quality 
follows quite closely that of the Fe spin contribution. There 
is a large increase in the net magnetic moment per f.u. from 
1.41 ± 0.15 to 2.53 ± 0.39 µB for samples S1 and S2, 
respectively, while the moment remains almost constant 
around the latter value up to S4. This highlights the 
relevance of the Fe cations in stabilizing the predominant 
collinear contribution to the ferrimagnetic ordering in Co-
ferrite NP. In Fig. 5b, the magnetic moment per f.u. 
estimated from the SQUID data, 𝑀𝑚𝑎𝑥  is also shown for 
comparison. Although there are certain quantitative 
discrepancies between the two datasets in Fig. 5b, the 
general trends with the increase of structural disorder are 
in qualitative agreement. Interestingly, the computed value 
from 𝑀𝑚𝑎𝑥   for the magnetic moment of S4 is 3.32 µB/f.u. 
which is quite close to the experimental value of 3.7 µB/f.u. 
for bulk CoFe2O4.57    

 

Figure 4. Cationic site occupancies (left hand-side axis) and 
cationic composition x (black squares, right hand-side axis) for 
the four samples. Dashed and solid lines are a guide to the eye.  



 

Figure 5. (a) Spin (𝑚𝑆) and orbital (𝑚𝐿 ) contributions to the 
magnetic moment of every cation for the four samples obtained 
from XMCD data at 2K. Red solid squares and empty squares 
correspond to the 𝑚𝑆  and 𝑚𝐿  contributions to the average Fe 
magnetic moment per atom (𝑚𝐹𝑒), respectively. Blue solid 
circles and empty circles correspond to 𝑚𝑆  and 𝑚𝐿  

contributions to the average Co magnetic moment per atom 
(𝑚𝐶𝑜), respectively. (b) Net magnetic moment per formula unit 
(f.u.) computed from both SQUID magnetometry data at 5K, 
𝑀𝑚𝑎𝑥 , (green dots) and the magnetic moments per atom from 
XMCD in Fig. 5a (black dots). Dashed lines in both (a) and (b) 
are a guide to the eye. 

An additional benefit of the XMCD technique is doing 
selective magnetometry by performing element- and site-
specific hysteresis loops. By recording XMCD hysteresis 
loops, it is possible to evaluate the distinctive contribution 
of each atomic species, or ions with various valences and/or 
crystallographic sites to the overall magnetization reversal 
characteristics of the NP. To this end, the XMCD signal was 
measured for a fixed photon energy while varying the 
applied magnetic field. The hysteresis loops were collected 
at the Fe and Co absorption peaks from Fig. 4 corresponding 
to the following cations and sites: Fe2+ (Oh) = 706.9 eV, Fe3+ 
(Td) = 708.1 eV, Fe3+ (Oh) = 708.7 eV, and Co2+ (Oh) = 777.7 
eV. Figure 6 shows the XMCD hysteresis loops measured in 
the TEY mode at a fixed temperature of 2 K using a magnetic 
field up to ± 69 kOe for the four samples. In addition, Fig. 7 
shows the variation of three characteristic magnetic 
parameters obtained from the XMCD hysteresis loops in Fig. 
6 for the four samples, namely, the superimposed high-field 
paramagnetic susceptibility 𝜒𝑝,𝑋𝑀𝐶𝐷 (Fig. 7a), the ratio 

between the remnant magnetization at zero field and the 

saturation magnetization (
𝑀𝑟

𝑀𝑠
⁄ )

𝑋𝑀𝐶𝐷
(Fig. 7b), and the 

coercive field 𝐻𝑐,𝑋𝑀𝐶𝐷, computed from the average of 

positive and negative intersections of the hysteresis 
branches with the field axis (Fig. 7c).  As an overall picture, 
the XMCD hysteresis loops in Fig. 6 evidence an 
improvement of the magnetic order as the crystalline 
quality increases from samples S1 to S4. Thus, XMCD 
hysteresis loops for samples S1 and S2 exhibit higher 

 𝜒𝑝,𝑋𝑀𝐶𝐷   and lower (
𝑀𝑟

𝑀𝑠
⁄ )

𝑋𝑀𝐶𝐷
  values for all the cations 

and sites than those for samples S3 and S4 (see Fig. 7a,b). 
Interestingly, these data suggest a much stronger depart 
from collinearity of Co2+ (Oh) moments with the addition of 
structural defects than it is found for the rest of the cations. 
Thereby, the hysteresis loop for Co2+ (Oh) in sample S3, the 
one with NP containing a small number of crystalline 
defects, is essentially the only sample which is significantly 
affected (Fig. 6). Moreover, the Co2+ (Oh) hysteresis loops 
for the two most defective samples, S1 and S2, resemble 
those of highly disordered magnetic materials, such as 
cluster glasses or random anisotropy systems. Note here 
that since XMCD is element-specific, no signal arising from 
the substrate is detected and thus, the XMCD hysteresis 
loops are much more sensitive to any slope arising from the 
canting of magnetic moments than SQUID magnetometry. 

The increase in the canting disorder with the inclusion of 
structural defects of the Co2+ (Oh) moments is further 
confirmed by comparing the monotonic increasing and 
decreasing trends  exhibited  by  𝜒𝑝,𝑋𝑀𝐶𝐷    and 

(
𝑀𝑟

𝑀𝑠
⁄ )

𝑋𝑀𝐶𝐷
, respectively, for this cation with the more 

staggered behavior shown by the three Fe cations. Thus, 
only in samples with a relatively large number of structural 
defects (S1 and S2) do the Fe moments seem to be 
significantly affected, being the Fe2+ (Oh) moments the ones 
showing the largest degradation of their magnetic features 
(Fig. 6).  The latter is manifested by both the earlier and 
sustained deviation from the squareness in S1 of the 
Fe2+(Oh) loops compared to the other Fe cations (Fig. 6) as 
well as by the largest deviation of the 𝐻𝑐,𝑋𝑀𝐶𝐷 value of 

Fe2+(Oh) from that of the other Fe cations shown in Fig. 7c 
(most notably observed for S2). The reason for the stronger 
sensitivity of the Fe2+(Oh) cations to the amount of 
structural defects may be a dragging effect of the Co2+ (Oh) 
moments over the Fe2+ (Oh) ones through the strong 
ferromagnetic exchange coupling existing among the 2+ 
cations in Oh sites. 58,59 

The overall trend exhibited by 𝐻𝑐,𝑋𝑀𝐶𝐷 for the four 

samples (Fig. 7c) is also in qualitative agreement with the 
former discussion but with the onset of a significant 
reduction of 𝐻𝑐,𝑋𝑀𝐶𝐷  for both Fe and Co cations 

corresponding to samples with a greater number of 
structural defects than in the cases of  𝜒𝑝,𝑋𝑀𝐶𝐷    and 

(
𝑀𝑟

𝑀𝑠
⁄ )

𝑋𝑀𝐶𝐷
. This may be because the crystalline defects 

act as anchoring centers for the reversal of the individual 
particle magnetization, increasing, in turn, the effective 
coercive field of the ensemble of NP when the magnetic 
disorder is still small. However, as the spin alignment 



 

departs from collinearity, the magnetic correlation among 
the spins in  

 

Figure 6. XMCD hysteresis loops measured at 2 K within ± 69 kOe for the four samples for the following cationic sites: Fe2+ (Oh), 
Fe3+ (Oh), Fe3+ (Td) and Co2+ (Oh), plotted as red, green, brown and blue curves, respectively. Note that hysteresis loops 
corresponding to cations in Td sites have been reversed along the magnetization axis to compare with the Oh ones. 

the individual NP decreases. Therefore, when the magnetic 
disorder is high enough, the coercive field starts to drop. 
Anyhow, 𝐻𝑐,𝑋𝑀𝐶𝐷  for Co2+ (Oh) is already much smaller than 

those values for Fe cations in sample S2, which is a clear 
proof of the abrupt start of a highly non-collinear 
arrangement of the Co cations as the crystalline defects rise 
in the NP.  Finally, it should be pointed out that 𝐻𝑐,𝑋𝑀𝐶𝐷 for 

sample S4 is smaller than that expected for bulk Co-ferrite, 
and it even looks like a bit anomalous when compared with 
that of sample S3. The slightly different trend found for 
𝐻𝑐,𝑋𝑀𝐶𝐷  in sample S4 could be owed to two facts. First, 

sample S4 shows the greatest deviations in the formula 
stoichiometry, especially for the Co content and the cationic 
site occupancies. Second, the XMCD data for sample S4 were 
collected in a different set of measurements. Nevertheless, 
its overall magnetic properties, apart from 𝐻𝑐,𝑋𝑀𝐶𝐷, agree 

well with the general trends found in the other three 
samples.  

Finally, for sample S4, XMCD hysteresis loops using the 
TFY mode were also recorded (Fig. S4, Supporting 
Information). The absence of detectable differences 
between the surface-sensitive TEY loops and the bulk 
sensitive TFY loops for all the cationic sites indicates that 
the above discussed results are representative of the whole 
nanoparticle volume, not only of its surface. 

5. DISCUSSION 

The Co-ferrite NP synthesized in this work by thermal 
decomposition of organic precursors have around 0.62-0.7 
Co atoms/f.u. (see Fig. 4) so they have an excess of 0.38-0.3 
Fe per f.u. with respect to the stoichiometric Co-ferrite. This 
is likely due to the small differences in the decomposition-
temperature profiles of Co(II) and Fe(III) acetylacetonates 



 

that yield an [Fe]:[Co] cationic ratio greater than 2 during 
the particle nucleation stage at the reaction temperature of 
310 °C. This kind of non-stoichiometric Co- 

Figure 7. Magnetic parameters for the series of samples found 
from the analysis of XMCD hysteresis loops for Fe2+ (Oh), Fe3+ 
(Oh), Fe3+ (Td) and Co2+(Oh) cations and sites. (a) High-field 
susceptibility 𝜒𝑝,𝑋𝑀𝐶𝐷   was computed by linear fitting of the 

magnetization in the high field region from 30 and 60 kOe. (b) 
Ratio between the remnant and the saturation magnetizations. 

(
𝑀𝑟

𝑀𝑠
⁄ )

𝑋𝑀𝐶𝐷
 ratio was found dividing the remnant and 

saturation magnetizations determined at zero and maximum 
magnetic field, respectively. (c) Coercive field. 𝐻𝑐,𝑋𝑀𝐶𝐷  was 

computed from the average of positive and negative 
intersections of the hysteresis branches with the field axis. 
Errors are indicated by the scale bars. Dashed lines are a guide 
to the eye. 

ferrite NP with a partial substitution of Co2+ by Fe2+ are 
commonly obtained by thermal decomposition 
methods.3,20,60 In our case, we chose preparing samples of 
monodisperse Co-ferrite NP of the same size with a good 
monitoring of their crystalline quality over getting the 
perfect CoFe2O4 stoichiometry, provided that the 
compositions and cation distributions were similar for all 
samples, in order to enable the comparison of their 

magnetic properties as a function of the number of 
structural defects. In addition, the actual crystal structure of 
our samples is not that of a fully inverse spinel ferrite since 
there is a partial occupation within 0.18-0.24 Co2+/f.u. of the 
Td sites (Fig. 4). We note that values within 0.02 and 0.24 
were reported even for stoichiometric CoFe2O4 depending 
on the temperature profile followed during the preparation 
method.17,61–63 From these results, 0.67 Co2+/f.u. and 0.22 
Co2+(Td)/f.u. can be taken as mean values for the four 
samples, yielding an average cation distribution of 
(Fe3+0.78Co2+0.22)Td [Fe2+0.33Fe+31.22Co2+0.45]Oh O4. Should we 
now assume spin-only contributions to the cationic 
moments, with 5, 4, and 3 µB for Fe3+, Fe2+, and Co2+, 
respectively, and collinear ferrimagnetic alignments of the 
spins in the two sublattices, the computed value for the net 
magnetic moment will be 4.21 µB/f.u. This value is much 
larger than any of those in the two sets of the corresponding 
experimental determinations shown in Fig. 5b, even for the 
samples with a smaller number of structural defects such as 
S3 and S4 (the highest experimental value being 3.32 µB/f.u. 
from 𝑀𝑚𝑎𝑥  for S4). The reduced magnetic moment per f.u. 
with respect to the expected value for a perfect 
ferrimagnetic alignment may be caused by the existence of 
spin canting within one or both of the magnetic 
sublattices.63,64 The partial cationic inversion and the 
competition between inter- and intra-sublattice 
interactions may be behind this moment reduction in 
samples without structural defects. In spinel ferrites the 
ferrimagnetic alignment is stabilized by the strong 
antiferromagnetic Fe3+(Td)-O2--Fe3+(Oh) superexchange 
interactions and intra-sublattice interactions are 
magnetically frustrated (see Fig. 8).65 Taking into account 
that Oh sites have 6 next-nearest neighbors in the Td-
sublattice, but Td sites have twice next-nearest neighbors in 
the Oh-sublattice, Fe3+(Oh) moments are expected to be 
most affected by the partial substitution of Fe3+ by Co2+ in 
the Td-sublattice, since the canting takes place firstly in the 
sites with the smaller number of next-nearest neighbors in 
the other sublattice. Thus, the existence of about 0.22 
Co2+/f.u. in Td sites reduces the effective superexchange 
interaction acting on Fe3+(Oh) sites in a factor around 
0.68±0.04 since the Co2+(Td)-O2--Fe3+(Oh) 

 



 

Figure 8.  Schematic representation of the orientation of the 
net magnetic moments for the different cations and sites in the 
two ferrimagnetic sublattices. Yellow spheres represent 
oxygen atoms. Red, blue, and green spheres correspond to Fe3+, 
Co2+, and Fe2+ cations, respectively. The antiferromagnetic 
(AFM) or ferromagnetic (FM) character of the expected 
exchange interactions among the cations in the two sublattices 
is indicated next to the double-headed blue arrows connecting 
two sites.  

interaction is weaker than Fe3+(Td)-O2--Fe3+(Oh) one.64 This 
may result in local modifications of the prevalent 
ferrimagnetic arrangement of the Fe3+ moments that are 
mediated by the competition with the antiferromagnetic 
Fe3+(Oh)-O2--Fe3+(Oh) intra-sublattice superexchange 
interactions (see Fig. 8).65 Then, if the amount of Co2+(Td) 
next-nearest neighbors of an Fe3+(Oh) cation is large 
enough, the energy balance between inter-sublattice 
interactions and the antiferromagnetic Fe3+(Oh)-O2--
Fe3+(Oh) interactions will favor the canting of its moment. 
Therefore, assuming that the canting occurs only in the Oh-
sublattice and taking the former spin-only values of the 
three cationic moments, it is straightforward computing 
that the Fe3+(Oh) moment must be reduced by 15% in order 
to recover the experimental value of 3.32 µB/f.u. for the net 
magnetic moment of the molecule. Of course, this is just a 
rough estimation because some of the Fe2+(Oh) and 
Co2+(Oh) which are next-nearest neighbors of a canted 
Fe3+(Oh) spin could be also canted. Besides, canting of the 
Fe3+ moments may also take place in the Td-sublattice.63 
Nevertheless, a simple calculation of the likelihood that an 
Fe3+(Oh) cation has 𝑛 Co2+(Td) next-nearest neighbors 
allows us to get an estimation of a factor 𝐽(𝑛) of reduction 
in the effective superexchange interaction acting on 
Fe3+(Oh) sites for the different surroundings in the Td-
sublattice as  

𝐽(𝑛) =
1

6
(

6
𝑛

) 𝑞𝑛(1 − 𝑞)6−𝑛(6 − 𝑛 + 𝑛 ∙ 0.68)          (2) 

with  𝑞 = 0.22 being the Co2+(Td)/f.u. and 𝐽(𝑛) ≤ 1. The 
values of 𝑛 , 𝐽(𝑛)   computed with Eq. (2), and the 
corresponding probabilities  𝑝(𝑛)  for each surrounding 
are: 0, 1, 0.23; 1, 0.95, 0.38; 2, 0.89, 0.27; 3, 0.84, 0.10; 4, 
0.79, 0.02; respectively (for 𝑛 > 4   the probability is very 
low). Then, around 39% of the Fe3+(Oh) sites have 2 or more 
Co2+(Td) next-nearest neighbors and feel an inter-sublattice 
interaction which is less than 90% of that in the perfectly 
inverse Co-ferrite spinel. Consequently, the reduction in the 
net magnetic moment in the sample without structural 
defects (S4) and, in particular, the decrease of about 15% in 
the Fe3+(Oh) moment needed to recover the experimental 
value could be explained in terms of the existence of some 
canting within the Fe3+(Oh) cations.   

When the structural defects increase within the particles 
(samples S3 to S1), there is another cause of moment 
reduction: the strain associated with the structural defects 
giving rise to local directions of the anisotropy that tilt the 
cationic moments out of the ferrimagnetic axis via the spin-
orbit coupling. This canting is more prevalent in the 
Co2+(Oh) cations due to the relatively large orbital moment, 
as determined by XMCD (Fig. 5). Consequently, the Co+2(Oh) 
moments are those firstly canted with the inclusion of 
structural defects in the NP, as shown by the XMCD 
hysteresis loops (Fig. 6, blue curves). This is particularly 

manifested by the large superimposed high-field 
susceptibility, even for the sample S3, containing only a 
small number of structural defects. Fe2+(Oh) are the next 
affected moments by the structural disorder, although to a 
much lesser extent than Co+2(Oh) moments since they have 
a smaller orbital moment (Fig. 5). Thus, Fe2+(Oh) hysteresis 
loops do not show significant modifications until sample S2. 
Interestingly, Fe3+(Oh) moments start to be canted before 
Fe3+(Td) moments do, likely because of the dragging effect 
via the superexchange interactions and double-exchange 
interactions with the already canted Co2+(Oh) and Fe2+(Oh) 
moments, respectively (see for comparison green and 
brown hysteresis loops in Fig. 6). Finally, in sample S1, 
when the number of structural defects within the NP is large 
enough, the hysteresis loops for all the cations in the two 
sublattices show features associated with the occurrence of 
strong canting.      

5. CONCLUSIONS 

We have investigated a series of samples of monodisperse 
Co-ferrite NP of 8 nm average size with similar 
stoichiometry and cation distribution but of tunable 
crystalline quality along the samples. SQUID magnetometry 
results show a rapid degradation of the collinear 
ferrimagnetism as structural disorder increases within the 
NP, and even samples that are almost free from 
crystallographic defects exhibit relatively large values of the 
high-field susceptibility suggesting the occurrence of 
canting at least for some of the cations and sites. Element-
specific XAS and XMCD data reveal that the collinear 
alignment of Co2+ cations is much more affected by the 
structural disorder than that of the Fe3+ cations, the former 
showing a rapid increase of their canting even in NP 
containing only a few defects or crystallographic domain 
boundaries. This is because structural defects cause local 
distortions of the crystal field acting on the orbital 
component of the cations yielding effective local anisotropy 
axes that cause a prevalent Co2+ spin canting through the 
spin-orbit coupling, owing to the relatively large value of the 
partially unquenched moment of these cations, as found by 
XMCD. As the structural disorder is further increased, the 
rest of the cations in the two sublattices are progressively 
dragged off the ferrimagnetic alignment, being Fe3+(Td) 
cations the last ones to be affected since the canting takes 
place firstly in Oh sites thanks to their smaller number of 
next-nearest neighbors in the Td-sublattice. Our results 
demonstrate the key role of the Co2+ cations on the 
destabilization of the collinear ferrimagnetism in Co-ferrite 
NP as their crystalline quality worsens and may help clarify 
the often conflicting, large variability of magnetic properties 
in the literature of Co-ferrite NP with slightly different 
structural features. This differentiates Co-ferrite from other 
ferrite NP that do not contain Co and, consequently, do not 
show such a great deterioration of the magnetic properties 
even for low-crystalline quality NP.  

Our work may provide new avenues to interpret and 
control the functional response of Co-ferrite NP, of 
relevance in the fields of rare-earth free permanent 
magnets, biological separation and detection, or 
nanomedicine.  

On a broader perspective, our results highlight the key 
importance of combining advanced synthesis techniques 



 

enabling to prepare NP with a great control over the 
structural features with the use of complementary local 
probes with element, valence- and site- sensitivity so as to 
enhance the performance of nanoscale magnetic materials.  
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