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I. Structural, static, and dynamic magnetic properties 

Table S1. Selected parameters of the MNPs: unit cell parameter (a), the crystallite size (DXRD) obtained by the Rietveld 
analysis, volume-weighted particle size obtained from the TEM analysis using n particles (DTEM), shell thickness (∆TEM), 
and magnetic diameter (DMAG) derived from the median magnetic moment, μm (Table S2). 

 

Sample a(Å) 
DXRD# 

(nm) 
n 

DTEM 
(nm) 

SD (TEM) 
∆TEM 
(nm) 

DMAG# 
(nm) 

DH 
(nm) 

Co1 8.38(1) 6.3 ± 0.6 8300 7.5 1.1 - 5.1 ± 0.5 29 ± 6* 
Co2 8.38(1) 7.1 ± 0.7 3622 9.0 1.3 - 5.3 ± 0.5 31 ± 6 

Co1@Fe 8.35(1) 8.8 ± 0.9 2885 12.8 1.7 2.7 6.5 ± 0.7 34 ± 7 
Co1@Mn 8.41(1) 8.6 ± 0.9 2553 13.2 1.6 2.9 6.3 ± 0.6 35 ± 7 
Co2@Fe 8.36(9)   10.2 ± 1.0 6666 11.7 1.5 1.4 8.4 ± 0.8 33 ± 7** 
Co2@Mn 8.44(9) 8.8 ± 0.9 3889 13.3 1.7 2.1 6.9 ± 0.7 35 ± 7 
*value based on the ref. 2 **experimental value #the minimum uncertainties are estimated as 10%; both the Rietveld 
analysis and analysis of the log-normal distribution of the magnetic moments underestimate the uncertainty in determi-
nation of the absolute values: Rietveld – in order of 0.01 nm, log-normal distribution of the μ ~0.1 nm. 

 

Table S2. Magnetic parameters of the cores and core-shell MNPs adopted from our previous work [1]. Tb – blocking tem-
perature, Tb, diff – furcation temperature of the ZFC-FC curves, μm – mean magnetic moment and σ – standard deviation of 
the log-normal distribution f(μ), Ms  at 10 K/300 K - saturation magnetization. The characteristic Néel, Brown and resulting 
(effective) relaxation times are also given. The τb values are based on the hydrodynamic diameters of the MNPs given in 
Table S1. The last two columns show the τr values for the lower and upper bound of the τb based on the DH = 20 nm and 
40 nm.  

Sample Tb 
(K) 

Tb, diff 
(K) 

μm 
(μB) σ τn 

(s) 
τb 

(s) 
τr 

(s) 
Ms 

(Am2/kg) 
τr (20 nm) 

(s) 
τr (40 nm) 

(s) 
Co1 163 266 3.9 × 103 0.93 6 × 10−7 1.6 × 10−5 5.8 × 10−7 90/74 5.4 × 10−7 5.9 × 10−7 
Co2 206 313 4.4×103 0.95 4×10−6 1.9×10−5 3.3×10−6 92/77 2.2×10−6 3.6×10−6 

Co1@Fe 237 333 6.5×103 0.48 5×10−3 2.5×10−5 2.5×10−5 94/81 5.1×10−6 4.1×10−5 
Co1@Mn 233 312 6.2×103 0.69 7×10−4 2.7×10−5 2.6×10−5 94/75 5.1×10−6 3.9×10−5 
Co2@Fe 190 270 15.8×103 0.30 7×10−6 2.3×10−5 5.4×10−6 89/77 3.0×10−6 6.0×10−6 
Co2@Mn 216 295 10.8×103 0.52 5×10−5 2.7×10−5 1.8×10−5 92/70 4.6×10−6 2.3×10−5 

 



Table S3. First-order anisotropy constants, K calculated using the eq. S6, adopted from [1] and crit-
ical diameters of the monodomain state, dc and dc, diff at Tb and Tb, diff, respectively, using eq. S7. 

Sample K 
(104 J/m3) 

dc 
(nm) 

dc, diff 
(nm) 

Co1 75 5.0 6.0 
Co2 89 5.2 6.0 

Co1@Fe 56 6.4 7.1 
Co1@Mn 44 6.8 7.5 
Co2@Fe 31 7.2 8.1 
Co2@Mn 30 7.6 8.4 

 

 
Figure S1. TEM micrographs of oleate-capped Co1@Mn sample (left) and Co1@Mn intercalated with CTAB (right). 

II. Important relations used for evaluation of the magnetic parameters 
For the real system of the superparamagnetic MNPs with a size distribution, the mag-

netization, M in the magnetic field, H can be written as a weighted sum of the Langevin 
functions: 

,ܪ) ܶ) = න ܮߤ ൬ ஻ܶ൰݇ܪߤ ߤ݀(ߤ)݂ + ߯௟௜௡௘௔௥ܪஶ
଴  (S1)

where f (μ) corresponds to the unimodal log-normal distribution of the magnetic mo-
ments, μ expressed as: 

(ߤ)݂ = ߪߤߨ2√1 ݌ݔ݁ ቌ− ݈݊ଶ ቀ ଶߪ଴ቁ2ߤߤ ቍ , ௠ߤ = ݌ݔ଴݁ߤ ଶ2ߪ  (S2)

where σ is the distribution width, μ0 and μm are the median and mean magnetic mo-
ment, respectively. The second term in the equation (S1) corresponds to an additional lin-
ear contribution to the magnetization, originating from diamagnetic or paramagnetic 
components of the sample (usually from the disordered parts of MNPs). The parameters 
of f (μ) were obtained from the refinement of the magnetization isotherm measured above 
Tb in Matlab using equation (Eq. S1). 

The median magnetic size, DMAG of the particle was calculated from the μm using the 
expression:  ܦ୑୅ୋ = ට଺ఓబ௔యఓೠ೎గయ , (S3)

where a and μuc are the lattice parameter and the magnetic moment of the unit cell of 
the spinel phase, respectively. 



The ZFC curves were fitted in Matlab [4]by the least squares’ method implemented 
in our own-written script using the following formula: ܯ௓ி஼(ܶ) ∝ ܥ + ܣ ቈ25ݐ න ஻ݐ݀(஻ݐ)஻݂ݐ + න ஻ஶݐ݀(஻ݐ)݂

௧
௧

଴ ቉ (S4)

where the C is a correction to the random orientation of the freezing moments result-
ing in a random nonzero value of the low-temperature magnetization and the A is a frac-
tion-scaling constant, which is refined together with the Tb and σ as the exact value of the 
MS and K are usually not known. 

The distribution of the blocking temperatures f (Tb) was also estimated using a simple 
empirical relation: ݂( ௕ܶ) ∝ −݀ሾܯி஼(ܶ) − ௓ி஼(ܶ)ሿ݀ܶܯ  (S5)

The K values were determined using the Tb and DMAG as follows: ܭ = 25݇஻ ௕ܸܶ  (S6)

where kB corresponds to the Boltzmann constant.  
The critical diameter of the monodomain, dc at a given temperature, corresponding 

to the blocking temperature can be estimated using the following relation [5]: ݀௖ = ඥ ௖ܸయ ; ௖ܸ = 23݇஻ܶܭ . (S7)

 

 

III. Heating properties – additional data and calculations 

  
Figure S2. Calculated SPA/SPAmax vs. frequency dependence based on the Equation 8 (a) and Equation 6 (b), normalized 
to the SPA at 1 MHz and 10 MHz, respectively. 

 



 
Figure S3. Heating curves at various frequencies with amplitude of AMF 31.6 mT for the Co1 (a) and Co2 (b) samples. 

 

 
Figure S4. SPA vs. time evaluated at various frequencies with amplitude of AMF 31.6 mT for the Co1 (a) and Co2 (b) 
samples. 



 
Figure S5. SPA vs. time evaluated at various frequencies with amplitude of AMF 31.6 mT for Co1@Fe, Co1@Mn, Co2@Fe, 
and Co2@Mn a–d. 

 

 
Figure S6. SPA vs. temperature evaluated at various frequencies with amplitude of AMF 31.6 mT for Co1 (a) and Co2 (b). 

 

 



 
Figure S7. Frequency dependence of the ΔT (a) and SPA (b) for Co1 and Co2 samples. 

 

Table S4. SPA (W/g)/∆T (oC) evaluated at the initial phase for f = 305, 497, and 782 kHz and iden-
tical amplitude of 31.6 mT. 

Sample 305 kHz 497 kHz 782 kHz 
Co1@Fe 224/8.7 141/15.6 327/36.1 
Co1@Mn 439/17.5 315/29.2 746/54.6 
Co2@Fe 428/25.1 800/41.1 1223/61.2 
Co2@Mn 416/13.2 840/25.8 626/41.7 

 

 
Figure S8. Temperature dependence of the Η for Co2@Fe sample. 

Table S5. DΗ, SD and τb values at selected temperatures obtained for the Co2@Fe sample. 

T (°C) DH (nm) SD (nm) τb (s) 
20 32.8 7.6 1(1)∙10−5 
30 41.6 9.9 2(1)∙10−5 
40 30.1 8.5 7(2)∙10−6 
50 37.4 9.2 1(1)∙10−5 

20 30 40 50 60 70 80
0

20

40

60

80

100

N
um

be
r (

a.
u.

)

DH (nm)

20°C
30°C
40°C
50°C



 
Figure S9. Comparison of the heating efficiency per one cycle (S.L. = SPA/f) for various types of MNPs and the core-shell 
samples studied in this work. 
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