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S1. Monte Carlo calculation of HEB and HC 

In order to give a deeper insight on the effect of Co substitution in combination with the defects in Model #1, 

where the core/shell ratio is 25%/75% and the defects are located only in the core, we considered nanoparticles 

described by variants of Model #1: a) without defects (def=0%), b) without Co (substitution = 0%), c) without defects 

and Co (def=0% and substitution = 0%) and we compare these results with the starting model (Co=10% and def=40% 

in the core and core IF). Figure S1 presents the MC results of the HEB and the Hc as a function of the cooling field. 

In the case of the model variant, where Co is absent (blue line), the bonds at the interface become more 

ordered than those of starting Model #1 (black line) and this enhances the competition between the soft and the hard 

component at the core/shell (AFM/FiM) interface, increasing the exchange bias field. In the model variant where Co 

exists, but no defects are present (red line), the soft component along the interface is marginally enhanced, resulting 

to a small increase of HEB. Finally, when both substitution and defects are absent (green line), we observe an 

imperceptible decrease of the HEB. In all cases the absence of pinning centers either in the core (Co and defects) or the 

shell (Co sites) makes the HC noticeably diminishing. Thus, it seems that the enhancement of the HEB and HC values can 

be achieved with a relatively small, defected AFM core in a combination with a low Co percentage. Taking into account 

the calculated values for a similarly-sized, non-substituted core@shell particle (“pure” in Fig. 11b, main text), it seems 

that given an ideal core@shell particle with no defects at all in the shell, any combination of defects and Co% in the 

core would result to a similar total magnetic response, if not higher. The only way to noticeably lower the HC value, is 

to create a perfectly ordered FeO core, with no defects and Co sites (green line). This is though impossible to be achieved 

experimentally, due to the highly sub-stoichiometric nature of Fe1-xO. Therefore, we conclude that substituting a 

particle’s core only, is not followed by severe changes in the total magnetic response, apart from the stabilization of 

the core (protection against oxidation), which is obviously a key element for the emergence of exchange interactions 

at the interface. Since chemical substitution in our synthetic protocol is leading to Co incorporation in the shell as well, 

a similar analysis to investigate the combined actions of Co-substitution and defects in the shell only, has been done. 

 

 

Figure S 1.  MC simulation results for exchange bias, HEB and coercive field, HC for different simulated cooling fields, HCool for variations 
in composition of model #1, as detailed in the graph legends. While keeping the morphological characteristics of the simulated 
nanoparticles the same, we tested different combinations of Co substitution and defects (vacant crystallographic sites). The lines 
connecting the points, extracted from the calculations, are a guide to the eye. 
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This was performed by simulating different variants of model #2, in which the core/shell ratio is 50%/50% and 

the defects are located in the shell only. MC simulated results for the cooling field dependence of the HEB and HC are 

shown in Figure S2 for the cases of model #2 a) without defects (red line), b) without Co (blue line), c) without Co and 

defects (green line) and d) an additional variant of reduced population of defects (orange line). The results are again 

compared with those for the starting model (Co=35% and def=40% in the shell) shown with the black line. 

Interestingly, when comparing the 2 Co-substituted nanoparticle model variants with defects (black and yellow line) 

and the one without defects in its structure (red line), as the population of defects becomes smaller and smaller and 

finally drops to zero, the fraction of defects at the shell IF also diminishes, resulting in a stronger shell-IF magnetization 

component. Thus the competition with the core-IF is raising and the exchange bias gradually increases too. This does 

not affect the HC which remains almost the same, due to the contribution of the large fractions of Co sites in the 

magnetocrystalline anisotropy. When Co and defected sites are absent (green line) in an ideal perfectly ordered spinel 

ferrite, this seems to negatively affect the effective shell interface anisotropy and further weakens the competition 

between the two phases at the interface, decreasing the HEB, but not considerably. A high rate of defects (40%), without 

any Co sites (blue line), worsens the situation even more, since the shell-IF magnetization component seems unable to 

maintain a proper magnetic ordering to oppose the AFM core. The depletion of the magnetocrystalline anisotropy when 

the Co sites are absent, also decreases the HC (blue and green line in Figure S2, right panel). Overall, the optimum 

magnetic behaviour in this case (core/shell = 50%/50%) can be achieved with a non-defective and highly Co substituted 

FiM shell. The HEB values are in the case of model #2 significantly lower than those in model #1 and the pure, non-

substituted model due to the lower volume fraction of FiM shell, giving the AFM core the opportunity to prevail. 

 

 
 

Figure S 2.  MC simulation results for exchange bias, HEB and coercive field, HC, for different simulated cooling fields, HCool for variations 
of composition in model #2, as detailed in the graph legends. We keep again the morphological characteristics of the simulated 
nanoparticles the same and test different combinations of Co-levels and defects (vacant crystallographic sites). The lines connecting 
the points, extracted from the calculations, are a guide to the eye. 
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S2. Calculation of the Specific Absorption Rate (SAR) 

 

The above calculations of Hc and HEB as a function of the cooling field were performed for low temperature 

(as in the experiments). For the following calculations, the Néel-Brown relaxation model 1,2 is used to calculate the SAR 

due to susceptibility losses. Therefore, for our calculations the experimental values at T=313 K have been used. 

The Specific Absorption Rate is expressed   as:  𝑆𝐴𝑅(𝑓) =
𝜇0𝜋𝑓𝜒

′′𝐻0
2

𝜌
 

where ρ: average density of each ferrite nanoparticle equals to  Vcore/Vtot × ρ Fe1-yCoyO + Vshell/Vtot × ρ Fe3-yCoyO4  and  

ρ Fe1-yCoyO = 8×MW/0.602×α 
3

Fe1-yCoyO
  and ρ Fe3-yCoyO4  = 4×MW/0.602×α 

3
Fe3-yCoyO4  with MW : molecular weight and α : 

lattice constant 

H0 : AC field amplitude, and f : field frequency, 

χ’’:  imaginary part of the complex susceptibility that involves the effective relaxation times for the two absorption 

mechanisms, namely, Brown (τB) and Néel (τN). 

Temperature is set to T= 313 K. 

η :  the medium viscosity with a value of 0.65 x 10-3 Pa.s (approximately the value for water at 40°C) 

φ : volumetric ratio of the NPs set to 0.001 

A surfactant layer that covers the nanoparticles (NPs) is taken to have a thickness of 4 nm that is a parameter introduced 

in the calculation for the Brownian relaxation time.3 

In our calculations the effective nanoparticle anisotropy constant is taken from the equation: (KV)eff = 25kBTB where TB 

is the blocking temperature extracted from the experimental ZFC magnetization curves and V the volume of the 

particles. The saturation magnetization MS at 300K is extracted from the experimental hysteresis loops of the Co-

substituted nanoparticles.  For comparison purposes, we considered also the experimental values for the defected 

spherical nanoparticles named S15 and the S8 magnetite NPs of D= 15 and 8 nm respectively.3 

Exploring  the effect of AC field strength, the SAR according to the Linear Response Theory for the Néel-Brown relaxation 

model,1 was calculated at different field amplitudes, H0, with a frequency of  f= 500 kHz. The difference in the magnitude 

of SAR (due to susceptibility losses) of Co substituted and defected compared to pure and defected NPs is depicted in 

the plot shown in Fig. 12.  The SAR (H0) curves follow a trend similar to that in experimental findings previously 

reported.4 The higher anisotropy volume  of the core/shell nanoparticles results in the deviation from the quadratic 

field dependence of the SAR curve, which the smaller particle S8 only follows.5 
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Table S 1. Number and type of spins in each nanoparticle region, used for Monte Carlo calculations for the three heterostructured 
nanocrystal models, illustrated in Fig. 1 (main text). The corresponding relative volume fractions and Co percentages are also noted 
for quick reference. 
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Figure S 3.  Cubic Sample C7 (7% Co): (a) Low-magnification bright field TEM images of a cubic sample, entailing an edge length of 18 
nm and inset of HR-TEM showing a clear core@shell structure. (b) xPDF fit of data at T= 300 K over the low-r PDF region (1 nm) for the 
same sample, assuming a 2-phase rock-salt/cubic spinel model (Fm-3m/ Fd-3m, Rw= 12.8%). (c) Temperature evolution of the zero-
field cooled (ZFC, solid line) and field-cooled (FC, dotted line) susceptibility curves), under a magnetic field of 50 Oe. (d) The low-field 
part of the hysteresis loop at 5 K and 300 K, taken under zero- and field-cooled (Hcool = 50 kOe) protocols. 
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Figure S 4.  SEM-EDS spectra showing the characteristic K-peaks of Fe and Co of the three studied spherical nanocrystal samples (S12, S21, S35) and one 

cubic (C7). Their relative atomic % abundance is automatically calculated by INCA software. The peak at 1.8 keV is coming from the Si substrate and this 
is why it is in some case too high compared to Fe and Co peaks. 
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Figure S 5.  xPDF fits of data at T= 300 K over the low-r PDF region (1 nm) for bulk reference CoFe2O4 assuming a Fe3O4, cubic spinel 
model (Fd-3m, Rw= 8.98%) at the top and a CoFe2O4 cubic spinel model (Fd-3m, Rw= 8.78%) at the bottom, where half of the Fe-ions in 
the octahedral sites of the model shown at the top, have been replaced by Co, resembling the simplest cobalt ferrite cubic spinel 
structure. These two models are practically equally good in describing the structure, since xPDF cannot distinguish between Fe and Co 
ions. 
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Figure S 6.  xPDF fits of data at T= 300 K over the low-r PDF region (1 nm) for sample S12 (top, Rw= 33.0% vs. 12.1%) and S21 (bottom, 
Rw= 44.6% vs. 13.4%), assuming either a single-phase, spinel-only model or a 2-phase rock-salt/cubic spinel model (Fm-3m/ Fd-3m). 
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Figure S 7.  Dependence of the blocking temperature (TB) as extracted from the maximum of the zero-field cooled (ZFC) magnetic 
susceptibility curves (Fig. 9 – main text) for the spherical nanocrystal samples S12, S21 and S35, showing a nearly linear increase of TB, 
as Co-content increases. 
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Table S 2.  Crystallographic parameters of the cubic spinel and rock salt models utilized in the refinements of the low-r atomic PDF 
(r=1-10 Å) and parameters for bulk reference samples derived from fitting the low-r region of their atomic PDF. 

 

 

* see ref6 

** see ref7  
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Table S 3.  Parameters for the nanocrystal samples, derived from fitting the low-r region of their atomic PDF (r= 1-10 Å) and σ0 values 
extracted from the Einstein fit of their T-dependent isotropic temperature factors, giving the static disorder of the system. 
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Figure S 8.  The experimentally determined Mr/MS ratio obtained at varying cooling-field strengths (Hcool) for nanocrystal samples S12 
(red symbols) and S21 (green symbols). The lines are a guide to the eye. 
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Figure S 9.  The low-field, normalized hysteresis loop regions at 5 K, for samples S12 and S21, comparing the M/MS data measured 
after 50 kOe field-cooled (FC, colored curves) and zero-field cooled (ZFC, black curves) protocols. The panels beneath the normalized 
magnetization M/MS present the corresponding differential change (dM/dH) when switching from positive to negative field saturation. 
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Table S 4.  Size and composition of nanocrystal samples, their blocking temperature TB,  as well as the saturation magnetization, MS 
and the coercive field, HC at T= 5 and 300 K. The field-cooled (FC) hysteresis loop (M-H; Hcool = 50 kOe) characteristics, including 
exchange bias HEB at 5 K for samples S12 and S21. 
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