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ABSTRACT 

Colloidal solutions of magnetic nanoparticles (ferrofluids) exhibit intriguing macroscopic 

properties that find their origin in the magnetic dipole interparticle interactions taking place at the 

nanoscale. Here we study experimentally the structuration and magnetic properties of a ferrofluid 

composed of 25 nm CoFe2O4 nanoflowers, which shows different types of nanoparticle assemblies 

with and without an external magnetic field. A combination of advanced magnetometry (First 

Order Reversal Curve measurements combined with simulations), transmission electron 

microscopy (high resolution and cryogenic transmission electron microscopy, electron 

tomography, electron holography) and small angle x-ray scattering techniques was used to build a 

comprehensive picture from the nano-scale to the macro-scale of this ferrofluid, from the collective 

behavior down to the particle level. Our results provide an original, extensive set of experimental 

quantitative data and make connection between the nanoscale organization and collective magnetic 

properties. Our findings also highlight the competition between magnetic anisotropy of CoFe2O4 

nanoflowers and magnetic dipole interactions. 

INTRODUCTION 

Ferrofluids (FFs) are defined as colloidal suspensions of magnetic nanoparticles (MNPs) in a 

liquid. Nanoparticles have a typical diameter in the 5-25 nm range and are composed of a 

ferri/ferromagnetic material. Each MNP can be considered as a single magnetic domain, with a 

magnetic dipole moment on the order of 104 µB, where µB is the Bohr magneton (9.24 10-24 A.m²). 

FFs are considered as model systems for dipolar fluids. They find numerous current and potential 

applications in biomedicine (e.g., magnetic hyperthermia,1,2 contrast agents for magnetic resonance 

imaging3), in technology (magnetic recording materials, sensor components)4 and art.5 These 

applications take advantage of their low cost and high chemical stability.6 
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The modification of macroscopic properties by an applied magnetic field finds its origin in the 

ferrofluid nanoscale structuration, where nanoparticles aggregate to form linear chain-like 

structures resulting from strong dipole-dipole interactions. Previous investigations have underlined 

the relevance of studying field-induced structures in ferrofluids, in order to optimize the efficiency 

of biomedical applications,7 to develop new magneto-optical applications8 or to understand 

original phase transitions occurring with temperature.9  

At zero applied magnetic field, as initially predicted by De Gennes and Pincus,10 MNPs can self-

assemble spontaneously when dipolar interactions in ferrofluids are large enough, i.e. the dipole-

dipole energy exceeds thermal fluctuations, which is quantified by the ratio λ between the 

magnetostatic energy and the thermal energy. Theoretical simulations, such as Monte Carlo-based 

ones,11,12 have been used to calculate the structural assembly of particles as a function of λ, 

concentration, and temperature, and they have predicted the existence of nanoparticles self-

assembled in chains, rings, or a combination of both. These assemblies significantly change the 

ferrofluid macroscopic properties.13–16 

The Stoner-Wohlfarth model, commonly used to describe magnetic colloids with non-

interacting, single domain MNPs with uniaxial anisotropy, does not account for dipole-dipole 

interactions. New models17,18 have been developed to include the influence of dipolar interactions 

in ferrofluids, allowing better refinement of FF magnetic properties, but these models have been 

so far mostly applied to spherical nanoparticles in a small size range (5-10 nm). 

On the experimental side, chain-like assemblies have rarely been imaged directly, and only by 

cryo-transmission electron microscopy (cryo-TEM) in zero-field19 and field-cooled20 experiments. 

Since these pioneering studies,19 information on clustering or aggregation of particles has been 

obtained experimentally by small-angle scattering measurements (with both X-rays and 
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neutrons),21,22 but they remain indirect probes and are not able to distinguish between the different 

shapes of assemblies predicted by simulations.11 Other imaging techniques, such as electron 

holography23 or magnetic force microscopy,24 allow to make connection between nanoscale 

organization and local magnetic properties in assembled nanoparticles on dried samples, but few 

of these studies exist.25–29 In general, apart from bulk magnetometry experiments, experimental 

studies of FF remain scarce and there is especially a lack of quantitative investigation of particle 

assembly and its relationship with collective magnetic properties. A deeper understanding of this 

relationship would open new perspectives to design novel or more efficient magnetic responsive 

ferrofluids, by tuning magnetic dipolar interactions with magnetic anisotropy, size or shape of 

MNPs. 

Most studies have so far focused on the influence of particle size, concentration and particle 

saturation magnetization on the formation of self-assembled structures at zero field. They have 

largely focused on magnetite Fe3O4,30 maghemite g-Fe2O3,31 iron,32 and more recently (but much 

less extensively) cobalt ferrite CoFe2O4.33 The effect of particle shape (cube, sphere, rod, flower…) 

has been little studied so far,34 although it seems of strong potential interest. For example, it was 

shown that cubic particles in ferrofluids are more prone to form chains in zero magnetic field than 

spheres.7 Furthermore, flower-shaped multi-core nanoparticles (or nanoflowers) of magnetite have 

been shown to exhibit better hyperthermia performance than dense spherical nanoparticles with 

similar size,35 but this was attributed to the multicore structure of nanoflowers rather than to 

particle assembly. The connection between the multi-core structure and their magnetic properties 

has attracted growing interest (see for example the recent study of Neumann et al.36). Since the 

magnetic configuration of a nanoflower is difficult to reproduce with micromagnetic simulations, 
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being a disordered spin system with exchange interactions between the different cores, it is still 

presently unclear whether a nanoflower behaves like a single magnetic domain.  

In this work, we studied experimentally a FF composed of cobalt ferrite nanoflowers in the 

20 nm range dispersed in water. Our goals were to: (i) finely characterize the morphology and 

magnetic properties of these nanoflowers, (ii) elucidate the nature of the magnetic domain state 

(multidomain or single-domain), (iii) study in a quantitative way the assembling and magnetic 

properties under different interaction regimes and magnetic field (with or without) conditions. 

Chaining properties and colloidal stability were key factors in the choice of sample. Since cobalt 

ferrite is a hard magnetic material with an exceptionally high anisotropy constant, the nanoparticles 

can be considered as stable magnetic dipoles that do not exhibit time-dependent fluctuations about 

the easy axis of magnetization. In addition to conventional techniques (X-ray Diffraction XRD, 

bulk magnetometry, standard TEM), advanced experimental approaches were combined to access 

(i) the single particle morphology and crystal structure (high resolution TEM, electron 

tomography), (ii) the quantitative nanoscale characterization of particles assemblies (cryo-TEM, 

preserving the native organization in the FF), (iii) the collective macroscopic assembling properties 

(SAXS), (iv) the distribution of magnetic coercivity and interaction fields (measurement and 

simulation of First Order Reversal Curve FORC diagrams), (v) the local orientation of magnetic 

moments within particle assemblies (electron holography). Using this methodology, we were able 

to build a comprehensive multi-scale picture of this FF, from the collective behavior down to the 

particle level, and we provide a set of original quantitative findings on its self-organization and 

magnetic properties.   

 

 



 6 

METHODS 

Synthesis 

Cobalt ferrite nanoflowers were obtained by using the polyol process37 which consists in a forced 

hydrolysis of Fe3+ and Co2+ mixture in a polyol solution. Depending on the polyol used for the 

synthesis, the obtained nanoparticle morphology differs. When the reaction is realized in a mixture 

of diethylene glycol (DEG) and N-methyl diethylamine (NMDEA) (50:50 V:V), nanoflower-

shaped nanoparticles are obtained.38 In order to obtain a stable colloidal suspension at pH7, the 

surface of the MNP is functionalized by citrate molecules.39 CoFe2O4 is a cubic spinel oxide with 

Fd3"m space group symmetry, where cobalt (Co²⁺) and iron (Fe³⁺) cations are distributed between 

tetrahedral and octahedral sites. 

Chemicals: 

N-methyldiethanolamine (NMDEA, >99%), diethylene glycol (DEG, >99%), iron(III) chloride 

hexahydrate (FeCl3∙6H2O, 99%), iron(II) chloride tetrahydrate (FeCl2∙4H2O, 99%), cobalt(II) 

chloride hexahydrate (CoCl2∙6H2O, 99%) and manganese(II) chloride tetrahydrate (MnCl2∙4H2O, 

99%) were purchased from Merck (Darmstadt, Germany). Sodium hydroxide pellets (NaOH, 

99%), hydrochloric acid (HCl, 37%), ethanol (96%), nitric acid (HNO3, 68%), acetone (>99%), 

and diethyl ether (Et2O, 100%) were purchased from VWR International (Rosny-sous-Bois, 

France). All chemicals were used without further purification. 

Protocol: 

FeCl3∙6H2O and CoCl2∙6H2O were dissolved in a mixture of DEG (40 mL) and NMDEA (40 mL). 

At the same time, NaOH pellets were grinded and dissolved overnight in a mixture of DEG (20 
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mL) and NMDEA (20 mL). The two solutions were mixed by magnetic stirring for 1 h and then 

heated at 200°C during 4 hours. 

 

Experimental methods 

a. Crystal structure determination by X-Ray Diffraction (XRD) 

The crystalline structure and coherent domain size of the nanoparticles were determined with a 

PANALYTICAL X’pert Pro MPD diffractometer with the CoKα radiation (Kα = 1.79 Å) at 

IMPMC (Paris, France). All diffraction peaks can be indexed with the CoFe2O4 spinel structure 

(reference code pattern 96–5941-0064). From the XRD profile of the (311) peak, the nanospinel 

size (dXRD) was computed with the Debye-Scherrer expression.40 

b. Chemical titration 

The cationic concentrations of cobalt and iron were determined by Atomic Absorption 

Spectrometry after dissolution of the nanoparticles in concentrated hydrochloric acid. We used a 

Perkin Elmer Analyst 100 spectrometer with an air-acetylene flame at a mean temperature of 

2300°C (PHENIX laboratory, Paris, France). Experiments were repeated three times. The cobalt 

molar ratio Xm is defined as follow:  

𝑋! =
[𝐶𝑜]

[𝐶𝑜] + [𝐹𝑒] 

c. Thermogravimetric Analysis 
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The corresponding mass of organic matter in the functionalized MNP was measured by 

Thermogravimetric Analysis (TGA) and subtracted in order to obtain the proper mass of magnetic 

material, using a TA-TGA550 Discovery series operating in high-resolution mode with a heating 

speed of 20°C/min in the range 20°C–600°C. 

d. Small Angle X-ray Scattering 

Small Angle X-ray Scattering (SAXS) gives information on the structural properties of the sample, 

both on the individual nanoparticle (shape, surface, size) and the collective behavior. SAXS 

experiments were carried out at PHENIX laboratory (Paris, France) on a Xeuss 2.0 equipment 

equipped with a GeniX source operating at λ = 1.54 Å and a Pilatus detector. Samples were 

conditioned in glass capillaries with a diameter of 1mm, and two sample-to-detector distances, 0.3 

m and 2.5 m. In such conditions, the investigated q-range (where q=4πsin(θ)/λ where θ is half of 

the diffusion angle) ranges from ≈ 4.10-3 to 1.2 Å-1. For experiments involving a magnetic field, 

a magnet was placed near the sample with the magnetic field (≈ 300 mT) oriented parallel to the 

capillary, and the SAXS pattern was then recorded.  

e. Transmission Electron Microscopy  

Different Transmission Electron Microscopy (TEM) observations were carried out in order to 

characterize the nanoflowers and their organization within the different samples. Standard TEM 

was used to obtain the statistical distribution of particle sizes in each sample. High Resolution 

TEM (HR-TEM) provided an insight on the crystalline structure within individual nanoflowers. 

Both Standard TEM and HRTEM observations were realized with a JEM2100F (JEOL, Japan) 

microscope equipped with a Schotky FEG gun, operating at 200 kV. 
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In addition, cryo-TEM was used to preserve the spontaneous organization of nanoparticles, since 

it does not require drying the sample on a TEM grid. Cryo-TEM samples grids were prepared in a 

automatic cryo-plunger (LEICA, Germany). A 5 μL drop of the initial sample solution was 

deposited on “quantifoil”® (Quantifoil Micro Tools GmbH, Germany) carbon membrane grids 

previously plasma cleaned for 30s on the membrane side. The excess of liquid on the grid was 

absorbed with a 3s bloating with a filter paper, and the grid was frozen quickly in liquid ethane to 

form a thin vitreous ice film. Once placed in a cryo-holder (GATAN, USA) cooled with liquid 

nitrogen, the samples were transferred to the microscope and observed at low temperature (-180 

°C). Cryo-TEM images were recorded on ultrascan 1000, 2k x 2k pixels CCD camera (Gatan, 

USA), using a JEM2100 (JEOL, Japan) microscope equipped with a LaB6 electron gun operating 

at 200 kV. 

f. Electron tomography 

Electron tomography allows a three-dimensional observation of the nanoflowers by imaging the 

sample at different angles. Electron tomography experiments were realized at IPCMS (Strasbourg, 

France) using a JEOL 2100 FEG S/TEM microscope operated at 200 kV equipped with a spherical 

aberration corrector on the probe-forming lens. Samples were dispersed by ultrasonication in 

ethanol and deposited on a holey carbon coated TEM grids. The acquisition of tilt series was 

acquired in TEM mode using the tomography plug-in of the Digital Micrograph software by tilting 

the specimen in the angular range +67.5 and -70.5 using an increment of 1.5° in the equal mode, 

giving thus a total number of images equal to 93 images. 

The recorded images of the tilt series were spatially aligned by cross-correlating consecutive 

images using IMOD software. For the volume calculation, we have used the algebraic 
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reconstruction technique (ART) implemented in the TomoJ plugin working in the ImageJ software 

were thus used to compute the reconstructed volumes. Finally, the visualization and the analysis 

of the final volumes were carried out using the displaying capabilities and the isosurface rendering 

method in the Slicer software. 

 

g. Electron holography 

Electron holography allows to image the magnetic induction lines produced by the nanoparticles 

inside an assembly previously observed by cryo-TEM. Electron holography experiments23 were 

carried out at CEMES (Toulouse, France). A lacey, carbon coated TEM grid was plasma cleaned 

for 20 s and a 5 µL drop of the ferrofluid was deposited on the grid. The measurements were 

carried out at room temperature. First, we located MNP assemblies similar to the ones previously 

observed by cryo-TEM. We then measured the hologram of the assembly by making the 

transmitted electron beam interfere with a reference beam going through a hole in the grid. The 

same hologram was measured again after turning the grid by 180° in order to remove the phase 

shift contribution from the electric potential of the nanoparticles. It was ensured that no stray field 

altered the magnetic configuration during the experiment through the use of a Lorentz stage set-

up. The resulting image after treatment shows the magnetic induction lines projected in the plane 

of the grid. 

h. Magnetometry  

Hysteresis loops were measured with a Magnetic Properties Measurement System (MPMS-XL) 

on a frozen liquid sample from -2 T to 2 T with a 50 mT step size, on a drop of 20 µL in an 
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Eppendorf. Saturation magnetization was also measured on a weighted powder (~10 mg in a gel 

cap) at room temperature. 

First-Order Reversal Curve (FORC) diagrams allow a qualitative characterization of the magnetic 

domain structure and magnetostatic interactions, by measuring a set of partial hysteresis curves 

that originate from the descending branch of the hysteresis loop41,42 FORC diagrams were 

measured at the IPGP-IMPMC Mineral Magnetism Analytical Facility (Paris, France) with a 

magnetometer (µ-VSM) from Princeton Measurements Corporation equipped with a cryostat. For 

stable single domain particles, in first approximation, the FORC distribution along the vertical axis 

can be interpreted as the distribution of the interaction field of particles, and the marginal FORC 

distribution as the coercivity distribution of the system.41,43 The marginal distribution is obtained 

by integrating the signal along the vertical axis44 while the vertical distribution is a vertical profile 

of the FORC diagram measured at the maximum of the marginal distribution. 

FORC diagrams were each constructed from 134 individual FORCs measured with a field step of 

15 mT, at a temperature of 100 K, and with an averaging time of 0.3 s. The measurement time for 

each FORC diagram was about one hour. They were subsequently analyzed with the FORCinel 

software,45 with a variable smoothing factor.46 The variable smoothing considerably reduces the 

noise levels by applying larger smoothing factors to the background, while preserving the areas 

along the axes with relatively small smoothing factors. 

Three FORC diagrams were measured on each sample. First, 20 µL of the liquid ferrofluid was 

enclosed in a polycarbonate gelcap and centered between the coils. The sample was cooled in zero-

field to 100 K, and a first FORC diagram was measured (ZFC measurement). Then, the sample 

was reheated to room temperature, cooled in a field of 1.8 T, and a second FORC diagram was 
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measured (FC measurement). Finally, the VSM head to which the sample is attached was turned 

by 90°, and a third FORC diagram was measured (FC90 measurement). 

The FORC diagrams were plotted using the FORCinel45 software with a VARIFORC46 smoothing 

parameters {Sc,0, Sc,1, Sb,0, Sb,1, λc, λb} = {7, 10, 7, 10, 0, 0} defined in Ref. 44. In other words, the 

smoothing factor along the vertical and horizontal ridges is 7 and it is 10 elsewhere. 

 

Simulation of FORC diagrams 

In order to improve the qualitative analysis of FORC diagrams, we carried out simulations using 

the FORCulator software.47 The FORCulator algorithm solves the Landau-Lifshitz-Gilbert 

equations with a damping factor α = 0.9, for a specific configuration of N monodisperse 

nanoparticles with diameter d in a box of 500x500x500 nm and saturation magnetization Ms = 480 

kA/m. The nanoparticles can be either randomly distributed in space or form chains. Each specific 

chain configuration depends on the following parameters: the number of chains (Nchain), the number 

of particles per chain (NNP), the distance between particles in a chain e, the rigidity of the chain or 

collapse factor (c, 0 ≤ c ≤ 1 with c = 0 for a perfectly straight chain) and the general orientation of 

the chains along the axis x, y, z of the simulation box, ([x y z]). The applied field during the 

calculation is oriented along the z axis. Polydispersity is taken into account in the model by 

introducing a lognormal distribution of anisotropy or switching fields with mean β and 

polydispersity σ. The values chosen here are σ = 0.3 and β = 2, which corresponds to a maximum 

centered at 120 kJ/m3. They were determined by fitting the experimental FORC marginal 

distribution of the sample measured in ZFC configuration with a lognormal function. The 

anisotropy easy axis can be randomly distributed in space or aligned with the axis of the chains.  
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For each configuration, 200 individual FORCs were calculated with a field step of 10 mT and 

coercivity (Bc) ranging from 0 to 1000 mT and interaction field (Bu) ranging from -100 to 100 mT. 

In order to increase the quality of the data, Navg configurations were averaged together to obtain 

the final FORC diagram. The total number of particles simulated (NNP * Nchain * Navg) is always 

equal to 5000 at minimum to ensure good statistics. One simulation typically lasted from 15 to 20 

hours.  

Based on our cryo-TEM observations, a ZFC configuration was modeled by considering Nchains = 

5 chains of NNP = 10 nanoparticles each, separated by e = 2 nm. The chains are randomly oriented 

in space ([x y z] = [0 0 0]) and the rigidity c = 0.6 to simulate the mix between chains, rings and 

networks observed in cryo-TEM images. A total of Navg = 100 configurations were simulated. 

In the FC configuration, the chain length was increased to NNP = 50 particles with the interparticle 

distance kept to e = 2 nm also. The number of chains Nchain = 5 is not large enough to introduce 

interactions between the chains. The collapse factor was reduced to c = 0.02 to obtain almost 

parallel chains, all oriented along the direction of the applied field ([x y z] = [0 0 1]). A total of Navg 

= 20 configurations was simulated. 

For the FC90 configuration, we used the same parameters as in the FC configuration but the chains 

are oriented in a direction perpendicular to that of the applied field ([x y z] = [1 0 0]).  

The FORCulator software was originally built to simulate FORC diagrams of magnetite at room 

temperature, therefore our simulations are set at 300 K and the saturation magnetization is set to 

that of magnetite. However, it is possible to fix the value of individual moments 𝜇 = 𝑉𝑀" to that 

of CoFe2O4 by artificially modifying the size of individual particles.  
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Individual particles of cobalt ferrites have a cubic anisotropy, however the organization in chains 

that is observed experimentally causes the effective anisotropy to be uniaxial. Therefore, we chose 

to run our simulations with uniaxial anisotropy particles, as is also often done in other 

micromagnetic simulations (e.g., Usov et al.13). The number of particles per chain in the ZFC 

configuration NNP = 10 was chosen as a compromise between the mean number of particles per 

chain NNP = 5 and per ring NNP = 12 found in cryo-TEM images (Fig. 5).  

Despite all these limitations, the simulations of FORC diagrams are nonetheless useful as a first 

approach for a qualitative study of the variations in FORC diagrams depending on the 

configuration. 

The VARIFORC46 smoothing parameters used to plot the FORC diagrams are 5 along the 

horizontal and vertical ridges and 8 elsewhere (in other terms, {Sc,0, Sc,1, Sb,0, Sb,1, λc, λb} = {5, 8, 

5, 8, 0, 0} as defined in the VARIFORC protocol). 

 

RESULTS/DISCUSSION 

Characterization of single nanoflowers. 
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Figure 1. (a) TEM image of the CoFe2O4 nanoflowers synthetized by polyol process37. (b) 
Diameter distribution fitted by a lognormal function. (c) Example of 3D reconstruction of a 
nanoflower obtained by electron tomography. (d) XRD pattern measured on a dried FF sample 
with indexed diffraction peaks corresponding to the spinel phase of CoFe2O4. 

 

From TEM images (Fig. 1a), the nanoparticles exhibit well-defined multi-core structures with a 

mean diameter dTEM = 23.5 nm and a standard deviation σ = 6.4 nm (Fig. 1b). Nanoflowers are 

defined as densely packed aggregates forming a flower-shaped nanosized particle. XRD patterns 

(Fig. 1d) measured on a dried FF sample confirm the presence of a spinel phase with a lattice 

parameter a ≃ 8.37 Å and a coherent size dXRD of 13 nm, which is smaller than the size determined 

by TEM (Tab. S1). The cobalt molar ratio Xm = 20% measured by chemical titration shows that 

the nanoflowers are under-stoichiometric and can be formulated as Co0.6Fe2.4O4. This molar ratio 

is lower than other cobalt ferrite synthesis (Daffé et al.48 with 26.4% < Xm < 35.5% or Torres et 

al.49 with 18.2% < Xm < 30.3%). In these studies, it was found that molar ratio and particle size 

alone cannot determine magnetic properties such as coercivity and remanence. Measurements 

sensitive to cation occupancy are needed (see Ref. 50). 
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Electron tomography measurements performed on single nanoflowers (Fig. 1c) show that the 

nanoparticles are formed by smaller (~7 nm) crystallites (or “petals”) aggregated around a core. 

Three-dimensional reconstruction also evidences the presence of small cavities (~3 nm) inside 

some petals (Fig. S1). A total of four particles was observed by tomography with an average 

diameter (as measured from 2D images) of 31.2 nm +/- 0.2 nm, thus larger than dTEM. The analysis 

of the tomography images yields an average total volume of 10300 +/- 1080 nm3. This value is 35 

% smaller than the volume of a sphere with similar diameter. Moreover, surface was estimated to 

4510 +/- 363 nm², which is 45 % higher than the surface of a perfect sphere with similar diameter. 

Finally, the specific surface was calculated to 83 m²/g. As a comparison, Lartigue et al.50 found 

using nitrogen adsorption measurements a specific surface of 82 m²/g for iron oxide flowers 29 nm 

in diameter, which is consistent with our findings.  
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Figure 2. (a) HRTEM image of a nanoflower, (b) Fast Fourier Transform (FFT) of the whole 
image, (c)-(f) FFT of different areas in the particle with the angle measured between the same hkl 
diffraction peak and the reference horizontal axis. 

 

At the nanoscale, nanoparticles present a complex crystalline structure. Due to the chemical 

process during synthesis, small crystallites start to form before agglomerating in larger 

nanoparticles51. Using HRTEM, the particle structure can be resolved (Fig. 2a). The Fast Fourier 

Transform (FFT) of the HR image (Fig. 2b) highlights diffused spots, caused by the so-called 

“mosaicity” within a single nanoparticle52. Fig.2c-f shows the FFT patterns measured from 

different areas of a typical nanoparticle. A spot corresponding to a specific hkl plane family (here 

311) was arbitrarily chosen, and the angle between this node and a reference horizontal axis was 

measured, see Fig. 2. The angular spread is of the order of 6° for this specific nanoparticle. Similar 
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deviation angles were found for all the nanoparticles measured by HRTEM. The nanoflowers are 

thus composed of crystallites arranged in a similar crystalline orientation but slightly tilted from 

one crystallite to another. This result is consistent with previous HRTEM nanoflowers 

observations,50,52–54 although the angular spread between the crystallites was found to be smaller in 

those studies (between 1° and 3°).  The mosaicity of the nanoparticles can explain the smaller sizes 

found by XRD (dXRD < dTEM), since diffraction is sensitive to the crystallites and not the whole 

nanoflowers. 

Evidence of particle assemblies from SAXS. 

 

Figure 3. Radial distribution of the SAXS pattern measured for two volume fractions, 
(a) ϕ = 0.014% (blue curve) and ϕ = 0.14% (red curve). Comparison between the experimental 
curve and the calculated form factor of monodisperse spheres for volume fractions (b) ϕ = 0.014% 
and (c) ϕ = 0.14%. 
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Figure 3a presents the SAXS curves measured in the absence of any magnetic field for samples 

with volume fractions ϕ = VNP / Vtotal of 0.014 % and 0.14 %. Both curves display a similar shape 

with variations in intensity that are in line with the differences in volume fraction. Both curves 

were compared with the SAXS curves corresponding to the form factor of monodisperse spheres 

(Figs. 3b, c and S2). Several results can be deduced from this comparison : (i) both curves are well 

approximated by a form factor corresponding to a sphere55 with a diameter of ~26 nm; (ii) the 

absence of marked oscillations in the experimental curves reveals that the particles are 

polydisperse, a conclusion in line with TEM results presented hereafter; (iii) the deviation at high 

q of the slope of the SAXS curve from the q-4 dependence (exhibited by the envelope of the 

spherical form factor) suggests that the surface of the particles displays significant roughness;56 

(iv) at low q the behavior of both systems is different: the particles at a volume fraction of 0.014% 

display a plateau that follows the form factor of spheres (Fig. 3b), whereas for a volume fraction 

of 0.14% (Fig. 3c) an upward deviation is observed. This reveals the presence of larger objects 

corresponding to associated particles in the suspension. The low slope observed in this region 

might be tentatively assigned to the presence of chains of particles. However, the q range on which 

this is observed is too limited to provide a definitive interpretation. 
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Figure 4. Bidimensional scattering patterns for (a) ϕ = 0.014% without magnetic field and 
(b) ϕ = 0.014% with magnetic field, (c) ϕ = 0.14% without magnetic field and (d) ϕ = 0.14% with 
magnetic field. Radial distribution for volume fractions (e) ϕ = 0.014% and (f) ϕ = 0.14% (inset 
represents the structure factor obtained from the intensity of the curve with field divided by the 
intensity of the curve without field). 

 

Figure 4 shows the influence of a magnetic field (≈ 300 mT) on the SAXS patterns of suspensions 

with volume fractions of 0.014 % and 0.14 %. Figures 4a and 4b present the bidimensional 

scattering pattern obtained for the sample with a volume fraction of 0.014% in the absence and 

presence of a magnetic field, respectively. No significant differences are observed, which shows 

that for this sample, at the scale probed by SAXS, no visible structure appears under a magnetic 

field. This is confirmed by the integrated data (Fig. 4e) that do not exhibit any significant 

differences related to the application of a field. The situation is markedly different in the case of 

the sample with a volume fraction of 0.14%. Indeed, when compared to the bidimensional 

scattering pattern in the absence of a magnetic field (Fig. 4c), the pattern obtained with a magnetic 

field (Fig. 4d) clearly exhibits anisotropic features that can be assigned to the presence of almost 

vertically oriented objects. This can also be noticed by looking at the integrated signal (Fig. 4f). 

Under an applied magnetic field, a structure factor appears with a peak located at ≈ 0.0182 Å-1 

(inset of Fig. 4f). This corresponds to a distance of ≈ 34 nm. Considering that the MNPs have a 
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diameter of 26 nm (as determined by SAXS, which is more sensible to large objects than small 

ones), this reveals the presence in the system of particle aggregates that are not in close contact 

but are separated by less than 8 nm. This is in agreement with the cryo-TEM investigations featured 

in the next part (Fig. 5c). Furthermore, data at low q display an upward deviation that can be 

assigned to the existence of larger structures, such as chains. At low q, an evolution in q-1 would 

be expected for isolated chains. However, this slope is not observed here, which suggests the 

presence of dense stacks or branched networks.  

Imaging of MNP assemblies by cryo-TEM. 

 

Figure 5. Representative cryo-TEM images for (a) ϕ = 0.014%, (b) ϕ = 0.14% and (c) ϕ = 0.14% 
with an external magnetic field H applied before freezing (scale bar = 100 nm). 

 

In order to image particle assemblies, cryo-TEM observations were performed on a dilute 

(ϕ = 0.014 %) and a concentrated (ϕ = 0.14 %) FFs. While the former shows isolated, non-

interacting nanoparticles (Fig. 5a), self-assembly is observed in the latter, with nanoparticles 
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forming small chains, rings and branches (Fig. 5b). Finally, under a 25mT magnetic field, 

nanoparticles form long micrometric chains aligned along the field direction (Fig. 5c).  

 

Figure 6. Statistical analysis on cryo-TEM images with the associated percentage of occurrence 
for concentration ϕ = 0.14% without field (scale bar = 50nm). 

 

Furthermore, we analyzed 453 images containing assemblies, and calculated the statistical 

probability of appearance of a certain assembly amongst the ones observed (note that this is 

different from the probability of observing the corresponding self-assembly, since isolated 

particles were not included in the counting). The sorted assemblies are mostly a combination of 

small chains and rings (Fig. 6). We established a classification based on that of Kantorovich et 
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al.11 The statistical analysis shows that chains are the most probable assembly to form with a 62% 

probability. Small rings mixed with chains or other rings have a 20% probability while intertwined 

chains forming networks appear in 18% of the cases. A closer look at each category shows that 

well-defined, isolated chains are very frequent (51%). Other types of assemblies were less likely 

to appear, such as the double crossing chain or “X-shape” assembly at only 1% (or 5 cases), and 

the double ring at 2% (8 cases). The remaining 12%, a branched mix of chains and rings, do not 

fit into previous categories and are labeled “branches”.  

Kantorovich et al.11 used Monte-Carlo simulations to estimate, at similar particle concentration 

and temperature, that the assemblies were composed of 73% of chains and 23% of rings, with ~4% 

of other shapes. These values are consistent with our findings. 

 

Figure 7. Distribution of the number of particles per (a) chain and (b) ring for cryo-TEM images. 
N is the total number of chains or rings. 

 

The number of particles per assembly was also counted for chains and rings (Fig. 7). Although it 

varies substantially, the most probable particle number for a chain is 4 and 11 for a ring. The 

average number of particles per chain is globally lower for chains than for rings, which is in line 
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with the fact that when the chain length increases, it becomes energetically favorable to turn into 

a ring. Moreover, a distance of 4.7 ± 3.3 nm between nanoparticles was measured in assemblies of 

chains and rings.  

Imaging of local magnetic configurations within MNP assemblies. 

Electron holography was employed to image the local magnetic configuration of assemblies of 

nanoparticles. By comparison to previous holography studies performed on nanoparticles,24,27,28,57 

it shall be noted that the low remanence of cobalt ferrite at room temperature introduces an 

additional complexity to the measurements. 

Fifteen different assemblies were measured (Fig. S3) with five typical examples presented in 

Fig. 8. Phase images of the mean inner potential are shown in the left column. We added isophase 

contours calculated from the magnetic contribution to the electron phase shift: induction lines are 

parallel to these isophase contours. On the right are presented amplitude images extracted from the 

same holograms. The orientation of the in-plane projected magnetization for each particle is 

represented by red arrows. Fig. 8a-b show a ring-shaped assembly, with closed, rotating magnetic 

induction lines. In this case the magnetic moments are aligned head-to-tails, as would be the case 

for a system dominated by dipolar magnetic interactions to minimize the magnetic dipolar energy. 

Similarly, Fig. 8c, d shows a chain assembly with most moments aligned head-to-tail, except for 

one MNP in the center of the chain presenting an out-of-plane magnetization, represented by a 

circle. The out-of-plane particle is situated next to a smaller particle which could act as a defect in 

the magnetic chain. Anti-parallel coupling between two interacting chains is also observed (Fig. 

8e, h) in agreement with previous study27 where particles are next to each other in such 

configuration. In addition, antiparallel alignment of particles can also be obtained within a chain 
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with a projected magnetization perpendicular to the axis of the chain or perpendicular to the plan 

of the substrate (Fig. 8i, j).  

While dipolar magnetic interactions dominate the organization of particles in rings, it seems that 

individual magnetocrystalline anisotropy must be taken into account when particles are arranged 

in chains, as evidenced by the fact that not all particle moments are aligned head-to-tail in this 

configuration. 

It is worth to notice that the preparation method for electron holography observations necessitates 

the deposition of a drop on a TEM grid, and that the subsequent solvent evaporation can alter the 

orientation of the nanoparticles (and therefore their magnetic moment). However, as the particle 

assemblies are very similar to the ones observed by cryo-TEM, we can assume that the measured 

magnetic configurations are also closely related to native configurations in the liquid phase. 
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Figure 8. Phase and amplitude images obtained by electron holography on a sample 
prepared in zero field. (a, c, e, g, i) phase images of the mean inner potential (MIP) 
for different assemblies with magnetic induction lines extracted from magnetic phase 
images with 2 mrad isophase contours, (b, d, f, h, j) amplitude images with scale bar 
extracted from the same holograms than the phase images with added direction of the 
projected magnetization on each particle (red arrows). 
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Collective magnetic properties from magnetization curves. 

 

Figure 9. (a) Magnetization curve (black dots) measured by SQUID on a dilute sample at 300K 
and its volume-weighted Langevin fit (red line) (b) Resulting magnetic volume distribution (black 
line) compared to the mean volume measured in electron tomography (red line). (c) Variation of 
coercivity as a function of temperature (data points in black, extrapolation in red). 

 

The saturation magnetization (Ms) measured at T=300K on a powder (i.e., a dried sample of FF) 

yields a value corrected by Thermogravimetric Analysis (TGA) of 264 kA/m. This value is close 

to the value measured by Fu et al.58 of Ms = 234 kA/m for cobalt ferrite nanoflowers (168 nm in 

diameter) but lower than the bulk saturation magnetization expected to 425 kA/m.59 To explain 

this discrepancy, the magnetization curve measured on the dilute FF sample at 300 K was fitted 

by the Langevin model weighted by a lognormal distribution of the volumes (Fig. 9a). The 

resulting magnetic volume distribution (Fig. 9b) gives V0 = 7194 nm3 and σ = 0.9. The average 
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volumes extracted from the electron tomography measurements correspond to the higher side of 

the distribution, showing that some amount of disordered spins does not contribute to the magnetic 

moment of the particle. Indeed, if we consider a layer of thickness d = 0.6 nm and the surface 

measured in tomography S = 4510 nm², one obtains a volume of disordered spins Vdisorder = d*S = 

2706 nm3. From the study of Bishop et al.,60 the saturation magnetization decreases to 

Ms = Ms
bulk [(Vtotal – Vdisorder)/Vtotal]. Considering Vdisorder, we find that the saturation magnetization is 

reduced to Ms = 313 kA/m, which is closer to the present experimental value. Thus, the morphology 

of the nanoflowers and their high surface to volume ratio can partially explain the reduction in Ms. 

Temperature-dependent magnetization curves show a magnetically blocked state below the fusion 

temperature of the solvent. The coercive field Bc was measured between 10 and 250 K and reaches 

1 T at 10 K, a large value that is in line with other studies performed on cobalt ferrite nanocubes61 

and nanospheres62 with similar Co/Fe molar ratio (Bc ~ 1.2 T and 2 T respectively). By 

extrapolating the coercive field vs temperature curve (Fig. 9c) to T→ 0 K, a value for the effective 

anisotropy constant Keff was determined to 250 kJ/m3 using the Stoner-Wohlfarth model63: 

Bc ≈ Keff/Msμ0. The coercivity Bc was extracted from magnetization curves measured on a dilute 

FF, to prevent magnetic interactions between the nanoparticles. The nanoflowers exhibit a large 

magnetic anisotropy that strongly contributes to the magnetic properties of the FF.  In other ferrites, 

the magnetocrystalline anisotropy is lower by more than one order of magnitude (~1-10 kJ/m3)59. 
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Distribution of magnetic properties from FORC diagrams. 

 

Figure 11. (a) Marginal and (b) vertical profiles from FORC diagrams for diluted and concentrated 
samples in ZFC, FC and FC90 configurations. 

 

In order to further investigate the macroscopic magnetic properties of the ferrofluid, FORC 

diagrams were measured on both the concentrated sample (𝜙 = 0.14 %, showing particle 

assemblies and isolated particles) and the dilute sample (𝜙 = 0.014 %, showing isolated particles).  

FORC diagrams, popularized by the field of rock magnetism41,42 have become a standard tool to 

determine the magnetic mineralogy and domain state of natural samples used for environmental 

Figure 10. FORC diagrams measured on FF at 100 K and ϕ = 0.14% in (a, d) ZFC, (b, e) FC and 
(c, f) FC90 configurations. 
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magnetism and paleomagnetism. They contain useful information on the distributions of magnetic 

properties and magnetization processes. In first approximation, the FORC distribution along the 

horizontal axis (marginal FORC distribution) can be interpreted as the distribution of the coercive 

field of the system, and the FORC distribution along the vertical axis as the distribution of the 

interaction fields of particles.41,43 

Three FORC diagrams were measured for each sample: a zero-field cooled diagram (ZFC 

measurement), a field-cooled diagram (FC measurement), and finally a diagram for which the 

applied field is perpendicular to the field applied during FC cooling (FC90 measurement). 

ZFC FORC diagrams. The FORCs (Figure 10a) have a square shape, with a very large Mr/Ms ratio, 

which is characteristic of the effect of cubic anisotropy.64 The ZFC FORC diagram for 𝜙 = 0.14 % 

forms a tear-drop shape typical of single domain particles65 (Fig. 10a, d).  This is a clear evidence 

that despite a complex multi-core structure, the presently investigated CoFe2O4 nanoflowers 

exhibit a magnetic single domain behaviour, which we attribute to the average diameter of 23.5 nm 

(determined from TEM, below the critical diameter calculated for spherical CoFe2O4 particles as 

Dc = 40.7 nm)49 and  the small mosaicity between crystallites determined from HRTEM. The ZFC 

FORC diagram for 𝜙 = 0.014 % (Fig. S4) has a similar shape to that of the concentrated sample, 

and also similar marginal / vertical profiles (Fig. 11a, b).  In other words, the particle concentration 

does not impact significantly the distribution of collective magnetic properties under ZFC. It 

implies that, despite the differences in particle organization observed in cryo-TEM between both 

samples, magnetic properties under ZFC conditions are dominated by the intrinsic magnetic 

properties of the nanoparticles (magnetic anisotropy) rather than by their nanoscale organization 

which is driven by magnetic dipole interactions.  
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Indeed, comparing anisotropy field Bk = 2 Keff /Ms with dipolar field Bdip = 4 µ0 Ms Vmag / p d3 

where saturation magnetization Ms = 264 kA/m magnetic volume Vmag = 7194 nm3 and anisotropy 

Keff = 250 kJ/m3 for a nanoparticle of diameter d = 25 nm, we obtain Bk ~ 10 Bdip. Hence, dipolar 

interaction energy is expected to be smaller than anisotropy energy. 

Influence of field-cooling on FORC diagrams. 

 For 𝜙 = 0.14 %, the shape of the FORC contours measured in the FC configuration is more 

elliptical than in ZFC, with little spread on the vertical axis (Fig. 10b, e). The coercivity distribution 

is displaced to higher values compared to the ZFC measurement.  

This could be related to the difference in particle organization between FC and ZFC observed in 

cryo-TEM. In the ZFC measurement, MNPs are dispersed in small chains or isolated, and the field 

necessary to align the moments in the direction of the applied field is directly linked to the dipolar 

interactions felt by the particles. In the FC measurement, the applied field before cooling leads to 

the formation of long linear chains of particles. We estimate that these chains may actually be 

much longer than those observed in cryo-TEM (500 nm-1 µm long), for which we used an applied 

magnetic field of µ0H = 20mT, much smaller than the field applied before cooling in the FORC 

FC measurement (µ0H = 1.8 T).  

For 𝜙 = 0.014 %, the FC marginal profile (Fig. 11a) shows a coercivity distribution centered at a 

higher value than for ZFC. This trend is similar to that of the 𝜙 = 0.14 % case. However, the FC 

marginal profile for 𝜙 = 0.014 % is centered at a slightly lower field value than for FC 𝜙 = 0.14 % : 

this could be an evidence of a less efficient chaining in an applied field, since at such a low 

concentration, nanoparticles are further apart and less able to form chains.   
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 For 𝜙 = 0.14 %, the FC90 FORC diagram has a tear-drop shape similar to that of the ZFC, but it 

is more extended along the vertical axis and less along the horizontal axis (Fig. 10c, f), and an 

additional lobe extending from the main peak in the negative Bu region is visible. These 

observations are more clearly visible on the marginal profile (Fig. 11a), which shows that 

switching fields are distributed at higher values and over a larger range in the FC measurement 

(measuring field along the chain axis) than in the FC90 measurement (measuring field 

perpendicular to the chain axis). The vertical distribution (Fig. 11b) shows a larger spread of the 

FORC distribution in the FC90 measurement compare to the FC measurement.  

 

This fingerprint interpretation of the FORC diagrams allows concluding two points. First, the shift 

in coercivity distribution between ZFC and FC configurations seems to be dependent on particle 

concentration and thus, on the interaction regime. Second, for the strong interacting case (𝜙 = 

0.14 %), the measured differences between ZFC / FC / FC90 measurements are remarkably 

different from the ones measured in a FF of 40 nm maghemite particles forming also self-

assemblies in ZFC66, which might be related to the type of magnetic anisotropy involved (uniaxial 

for maghemite versus cubic for CoFe2O4). In the following, we aim to provide a more quantitative 

insight into the FORC diagrams using FORC simulations, in particular to understand the relative 

strength of dipolar interactions with respect to magnetic anisotropy.  
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Simulations of FORC diagrams. 

 

Figure 12. (top) Example of particle configuration used in the FORCulator simulations with the 
uniaxial anisotropy easy axis represented as a red bar. (middle) Resulting calculated FORCs and 
(bottom) FORC diagrams. The easy axis of each particle is either aligned with the direction of the 
chain (labeled aligned) or randomly oriented (labeled random). The different experimental 
configurations are ZFC with aligned easy axis (a, g, m), ZFC with random easy axis (b, h, n), FC 
with aligned easy axis (c, i, o), FC with random easy axis (d, j, p), FC90 with aligned easy axis (e, 
k, q) and FC90 with random easy axis (f, l, r). 

 

Figure 13. (a) Marginal and (b) vertical profiles extracted from FORC diagrams simulated with 
FORCulator in configurations ZFC with random orientation of easy axis, FC with easy axis aligned 
with the chains and FC90 with random orientation of easy axis. 
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In order to gain a better understanding of the experimental FORC diagrams, several configurations 

of nanoparticles with uniaxial anisotropy organized in chains were used as models for simulations 

of FORC diagrams. These models were constrained by our cryo-TEM observations (see Methods), 

where chains were found to be the most probable type of self-assembly. Cubic anisotropy was also 

investigated but the current features of the modelling software do not provide the flexibility to 

modify initial parameters and to model systems that are very different from magnetite, such as the 

present samples. As a consequence, the FORC diagrams simulated with cubic anisotropy were in 

disagreement with the experimental ones. The simulations discussed below were therefore 

performed by considering uniaxial anisotropy for the nanoparticles.  

Using the FORCulator software47, the ZFC FORC diagram was calculated with particle anisotropy 

easy axis either aligned with the axis of the chain (Fig. 12a, g, m) or randomly oriented for each 

particle (Fig. 12b, h, n). The tear-drop shape and main features are in better agreement with the 

experimental data in the case of the random easy axis model. In other words, collective magnetic 

properties cannot be reproduced with head-to-tail magnetic moments all parallel to the chain axis, 

which is consistent with the electron holography observations. They are better reproduced when 

disorder in the relative orientation of easy axis is accounted for. Our results show that anisotropy 

dominates magnetic dipole interactions in ZFC conditions. However, the main peak of the ZFC 

diagram is shifted to lower coercivities with respect to experiment (Fig. 13a). This might be due 

to the simulation operating at a higher temperature than the experiments (300 K vs 100 K) and it 

is also observed on the subsequent simulated diagrams.  

For the FC configuration, setting all anisotropy easy axis in the direction of the chain provides a 

FC FORC diagram for which the tear-drop shape is no longer observed (Fig. 12c, i, o), similarly 
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to the measured FC FORC diagram: the vertical spread on the left side of the FORC peak is reduced 

and a tail extending to high coercive fields remains (Fig. 12o). Compared to the ZFC 

measurements, we observed an increase of coercivity distributions, similar to our experimental 

results. This tail at high coercivity fields is no longer present for the FC FORC diagram simulated 

with randomly distributed easy axis, nor is the tear-drop shape (Fig. 12d, j, p).  

In addition, the distance between nanoparticles was increased to explore the effect of magnetic 

dipolar interactions on the FORC diagrams. For a distance of 40 nm, interactions (visible in the Bu 

distribution) become negligible and only the orientation of the easy axis plays a role in the 

collective magnetic properties. In Fig. S5 the maximum of the marginal distribution is plotted as a 

function of the distance between nanoparticles. For all distances, the FC aligned configuration 

shows a larger coercivity than the FC with random axis, the ZFC with aligned and random axis 

configurations. This is due to the easy axis aligned with the applied field. However, when the 

distance between the nanoparticles is reduced, the coercivity for the FC aligned configuration 

increases due to the magnetic dipolar coupling in the chains. We therefore conclude that our 

experimental measurements show two effects: FC configurations are shifted to higher coercive 

fields with respect to ZFC for both concentrated and dilute samples due to the alignment of easy 

axis along the applied field, and the FORC diagram of the concentrated sample is shifted to higher 

coercive fields with respect to the dilute one, due to the additional magnetic dipolar coupling within 

the chains. 

In FC conditions, collective magnetic properties can therefore be explained by an effective uniaxial 

anisotropy, which may be related to the structuration in linear chains that are parallel to the 

measuring field.  
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Finally, the FC90 FORC diagram modelled with randomly oriented anisotropy easy axis 

(Fig. 12f, l, r) is in better agreement with experiment than for easy axis oriented in the chain 

direction (Fig. 12e, k, q): the lobe extending in the lower half of the experimental FC90 FORC 

diagram as well as the tail along the horizontal axis at high field are present on the randomly 

oriented anisotropy easy axis FORC diagram, but not on the easy axis oriented in the chain 

direction.  A tentative explanation could be the effect of cubic magnetocrystalline anisotropy of 

cobalt ferrite: for a given particle one anisotropy easy axis is aligned with the field, but there are 

two other easy axes available for the magnetic moment to orient itself, both perpendicular to the 

axis of the chain. This would explain the decrease in coercivity of the entire chain seen in the 

experimental FC90 data with respect to the one measured in FC.  

We note that while marginal distributions for the FC and ZFC configurations are fairly consistent 

with experimental distributions, this is not the case for the FC90 distribution (Fig. 13a). The 

agreement is also quite poor between the modelled and measured vertical profiles (Fig. 13b).  

Nevertheless, these simulations are useful as a first-order qualitative interpretation of the main 

patterns of FORC diagrams and their evolution under an applied magnetic field.  

Finally, it is presently not possible to conclude on the type of effective anisotropy (whether it is 

uniaxial or cubic) from our FORC simulations, since the FORCulator software results show that 

differences are reduced when interactions are present67. Our experimental results in the FC90 

configuration suggest cubic anisotropy as one possibility, and we have attempted to account for it 

through the introduction of disorder in the easy axes. However, a more refined description of 

effective anisotropy combined with magnetic dipolar interactions is needed in FORC simulations 

to confirm the sensitivity of this approach to the type of anisotropy. 
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CONCLUSION 

We investigated a FF composed of cobalt ferrite nanoflowers with various experimental techniques 

in order to probe structural and magnetic properties from the nanoscale organization to the 

macroscopic collective magnetic properties.  The main results are the following. 

First, individual MNPs have a rough and large surface-to-volume ratio, which reduces saturation 

magnetization compared to bulk cobalt ferrite. The flower-shaped particles are composed of 

crystallites interconnected by crystalline distortions at the interface. A low stoichiometry of cobalt 

and a large surface area result in an anisotropy constant that is larger than that of the bulk material 

(K = 200 kJ/m3). Moreover, the nanoflowers were found to be magnetic single-domain.  

Second, when studying collective properties, cryo-TEM observations show that the dilute sample 

contains isolated nanoparticles while the concentrated one has a wide variety of assemblies, with 

a majority of small chains. However, both samples exhibit similar magnetic properties in ZFC 

FORC measurements, because the anisotropy energy greatly exceeds the magnetic dipolar energy, 

an observation which is also consistent with electron holography results. Simulated ZFC FORC 

diagrams are in fairly good agreement with the experimental ones. 

Third, when a magnetic field is applied to the FF, nanoparticles in the concentrated sample form 

long micrometric chains, as evidenced by cryo-TEM and SAXS measurements, while the dilute 

sample does not show this chaining effect. For both volume fraction, FC FORC diagrams are 

shifted to higher coercive fields compared to ZFC diagrams, an effect mostly due to the alignment 

of the anisotropy easy axis with the applied field. This shift is stronger for the concentrated sample 
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as the chains contribute to the increase of coercivity through enhanced magnetic dipole 

interactions. 

Our results can help constraining future simulations that involve interacting self-assembled MNPs, 

as well as providing new insights on the properties of similar FFs under static external magnetic 

field. Future work can focus on the dynamics of chain formation and the influence of alternative 

fields on these chains. In addition, as the anisotropy energy greatly exceeds the magnetic dipolar 

energy in this study, similar measurements would be of interest on a material with reduced 

anisotropy, such as magnetite.  
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Table S1: Mean diameters obtained from different techniques (TEM, XRD, SAXS and Langevin 

fit of magnetization curve). 

Figure S1. Slice from tomography measurements showing the organization of the nanoflowers in 

petals around a core with pores and empty spaces between petals. (TIF) 

Figure S2. SAXS pattern (orange) for diluted sample (ϕ = 0.014%) and SAXS fitting (blue) with 

monodisperse sphere model of diameter (a) 22 nm, (b) 26 nm and (c) 30 nm. (TIF) 

Figure S3. All assemblies observed in electron holography. (TIF) 

Figure S4. FORC diagrams measured on the FF at 100 K and 𝜙 = 0.014% in ZFC, FC and FC90 

configurations. (TIF)  
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Figure S5. Maximum of marginal distribution of simulated FORC diagrams in ZFC and FC 

configurations, with easy axis aligned with the chain or randomly oriented, for different distance 

between nanoparticles. (TIF) 
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