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Abstract: It has been shown through density functional theory (DFT) calculations that the 
magnetocrystalline anisotropy (MAE) for iron-based spinel nanoparticles can be altered 
through the addition of varying amounts of transition metals into their spinel structures. In 
this work, seven monodisperse spherical nanoparticle series were synthesized with varying 
amounts of Fe, Mn, and Co to target specific effective anisotropy (Keff) values that were 
calculated using DFT, giving the formula: Fe3-x-yMnxCoyO4. The Keff values determined from 
DC magnetometry ranged from 46 – 128 kJ/m3, increasing upon the addition of Mn, and 
increasing upon the addition of Co, verifying the trend that the DFT simulations predicted. 
The Keff value determined from DC magnetometry was lower than that predicted by DFT for 
the spinel nanoparticles with high cobalt substitution, and comparable for the other samples. 
From the AC susceptibility data, the trend in the anisotropy strength amongst the series of 
seven particles matched that extracted from the DC magnetometry data. Through these 
findings, it is shown that Keff is tunable by altering cationic ratios in spinel nanoparticles.

1. Introduction

Magnetic nanoparticles are capable of dissipating heat when exposed to an alternating 

magnetic field.1 The heating efficiency of these particles is measured using specific absorption 

rate (SAR), which outlines the amount of heat energy released by a mass of nanoparticles over 

time, and is given by2

SAR = C𝑚𝑠

𝑚𝑝

𝑑𝑇
𝑑𝑡

, Equation (1)
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where C is the specific heat of the dispersant, ms is the mass of the dispersing fluid, mp is the 

mass of the magnetic material in the nanoparticles, T is temperature, and t is time. 

A sufficiently small nanoparticle (i.e., diameter less than 100 nm) will exhibit a single 

magnetic domain, which is usually considered to contain two stable orientations which are 

antiparallel to each other, along the so-called easy axis.3 The energy required to flip the 

nanoparticle’s moment between the two orientations is proportional to the particle’s magnetic 

volume (VC) and the effective magnetic anisotropy energy density (Keff,), which includes 

anisotropy factors such as: magnetocrystalline anisotropy, shape anisotropy, and particle 

interaction anisotropy.4 It is important to note that this effective uniaxial anisotropy 

assumption is used as a simplification for modeling.5 Realistically, the intrinsic 

magnetocrystalline anisotropy of most spinel nanoparticles is cubic.6-8 Upon reaching a high 

enough thermal energy (kBT), where kB is the Boltzmann constant, the particles will 

continuously flip their magnetic moments between the two directions along the easy axis, 

yielding an average magnetic moment very close to zero.4 This phenomenon is known as 

superparamagnetism. The mean time between two flips along the easy axis is known as the 

Néel relaxation time, which stems from the Néel-Arrhenius formula and is given by

  τ𝑁 = τ0exp 𝐾eff𝑉𝐶

𝑘𝐵𝑇
, Equation (2)

where τ0 is an attempt time parameter between 10-13 and 10-9 s 9, Keff is the effective anisotropy 

energy density, VC is the volume of the magnetic core, kB is the Boltzmann constant, and T is 

temperature. It should be noted that nanoparticles also experience a Brownian relaxation time 

– they physically rotate – which depends on the hydrodynamic radius of the nanoparticles and 

the viscosity of the media they are suspended in. In highly viscous media, such as cell tissue, 
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Néel relaxation is usually much quicker and will dominate the particle’s overall relaxation 

time.4 The amount of heat that magnetic nanoparticles generate is dependent on the strength 

and frequency of the alternating magnetic field.10 

Efforts have been made to tune the Néel relaxation time of nanoparticles by manipulating their 

core sizes, shapes, and elemental compositions.11 Manipulating the elemental composition 

includes doping spinel nanoparticles with one metallic species such as: zinc, cobalt, 

manganese, silver, and gold.11 Catalytic activity, and the performance of these magnetic 

nanoparticles is highly dependent on their composition, morphology, and dimensions.11 

Specifically, tuning the Keff and Ms of superparamagnetic nanoparticles is highly sought after, 

as the optimal values for these properties will change depending on their application. 

Recently, computational density functional theory (DFT) models were used by some of us to 

explore what effect cationic substitutions have on the Ms  and anisotropy energy for various 

spinel compositions.12 Briefly, a ferrite model was used based on the calculated bulk unit cell 

of magnetite (Fe3O4). Eight repeats of the magnetite formula unit (Fe24O32) were used to allow 

for many different ion substitutions. Among these bi-cationic and tri-cationic substitutions, 

Ms, magnetocrystalline anisotropy energy, and crystal structure were simulated. The model is 

based on the spinel structure with the space group Fd ̅3m, which has a cubic crystal symmetry. 

Keff was calculated as the energy density required to reorient the magnetic moment within a 

crystal from the “easy” axis to the “hard” axis. The [0,0,1], [1,0,0], and [0,1,0] crystallographic 

directions were evaluated this way, as the calculations for the [0,1,1], [1,0,1], [1,1,0] and 

[1,1,1] directions resulted in electronic energies that were significantly more positive, 

suggesting they were less reliable for large-scale DFT calculations. Of the [0,0,1], [1,0,0], and 

[0,1,0] directions, the direction that was calculated to have the lowest electronic energy was 
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the easy axis, and the direction that was calculated to have the highest electronic energy was 

the hard axis. These hard and easy axes were subtracted from each other to give the 

magnetocrystalline anisotropy energy density (MAE). To calculate the Ms of the spinel 

nanoparticles, the total number of unpaired electronic in the unit cell is multiplied by the Bohr 

magneton (𝜇𝐵) and divided by the unit cell’s volume. While these calculations are useful as 

a qualitative guidance, some of the limitations of DFT should be stated, such as the energy 

differences between cation configurations not being representative of the experimental 

distribution of Fe, Mn, and Co across the spinel structure.13 DFT also assumes idealized 

crystals that lack the structural heterogeneities that are found in real crystals and is also 

conducted at absolute zero, causing the theoretical calculations to deviate from experiment.14 

Following this guidance, the optimal saturation magnetization and magnetocrystalline 

anisotropy energy density combination of values calculated in that work is plotted in Fig. 1 

(solid line) based on the work of Carrey et al.,15 for a magnetic field strength of 20 kA/m and 

a frequency of 205 kHz. The black dots represent different stoichiometric compositions of Fe, 

Mn, and Co, and their corresponding Ms and MAE values, adapted from Ref. 12.
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Fig. 1. Optimal MAE and saturation magnetization combination of values (solid line) 
predicted at a magnetic field strength of 20 kA/m and a frequency of 205 kHz.15 The dots 
correspond to the Ms and MAE values of spinels with different stoichiometric compositions 
of Fe, Mn, and Co, calculated in Ref. 12.

Mono or bi-cationic nanoparticles have been shown to have limited tunability of Keff through 

influencing oxidation state, site occupancy, exchange pathways, and spin-orbit coupling.16 For 

example, Co substitution has been shown to enhance magnetocrystalline anisotropy through 

spin-orbit coupling but often reduces the overall Ms of the nanoparticle.17 Mn substitution 

often reduces magnetocrystalline anisotropy.18 Therefore, in bi-cationic nanoparticles, these 

changes in Keff, Ms, and relaxation dynamics are strongly dependent on one another, 

constraining the tunability of the nanoparticles.19 In contrast, multi-cationic species have been 

shown to provide broader control over Keff, coercivity, and Ms as the introduction of a third 
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cation adds a new degree of freedom that mono or bi-cationic nanoparticles cannot access, 

allowing nanoparticles with highly precise magnetic states to be synthesized.20

Recently, MnxZn1-xFe2O4 (x=0-1) spherical superparamagnetic particles were synthesized 

using a triethylene glycol mediated solvothermal method.21 At room temperature, these 

substitutions showed varying lower Ms values compared to magnetite, but reversed trends at 

10 K.21 Zn0.5-xCaxMg0.5Fe2O4 (x = 0.1 and 0.2) nanoparticles have also been synthesized for 

the purposes of controlled heating in magnetic hyperthermia, as the magnetic moment and 

heating efficiency of the nanoparticles can be adjusted by altering the calcium-to-zinc ratios.22 

The nanoparticles were experimentally determined to be biocompatible through analyzing 

cytotoxic effects on mouse muscle fibroblast and human breast cancer cell lines, showing a 

cell viability above 85% when hyperthermia treatment was not applied. Despite the potential 

for multi-cationic nanoparticles, experimental studies that correlate composition with Keff, 

relaxation dynamics, and SAR remain scarce.

This work introduces seven nanoparticle series with varying cationic compositions giving the 

formula Fe3-x-yMnxCoyO4, which were synthesized with targeted compositions based on the 

tertiary diagrams created from density functional theory (DFT) calculations.12 The five 

nanoparticle points at the bottom of the tertiary diagram were chosen due to their predicted 

MAE and MS values aligning with the point closest to the optimal curve in Fig 1, which would 

theoretically cause them to dissipate the highest amount of energy per AC field cycle at a 

magnetic field strength of 20 kA/m and a frequency of 205 kHz. As the points read from left 

to right, incremental increases in Fe substitutions and incremental decreases in Mn 

substitutions occur, which are intended to span a controlled range of cationic substitutions. 
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The points in the middle and top right of the tertiary diagram were targeted due to their higher 

MAE (Keff) values upon a higher Co substitution, as shown in Fig. 2. The nanoparticles were 

synthesized using metal acetylacetonate precursors with a Mn oleate drip through a thermal 

decomposition route, based off of the extended Lamer drip synthesis method,23, 24 in an 

attempt to create monodisperse, spherical nanoparticles with similar diameters throughout the 

various cationic compositions to minimize the contributions of particle volume and shape to 

the anisotropy energy density Keff. The nanoparticles’ diameters were determined using high-

resolution transmission electron microscopy (HR-TEM) and ImageJ software, and were found 

to be monodisperse, and ranged from 8.4-10.6 nm in diameter throughout each series. DC and 

AC magnetometry revealed an increase in Keff upon increasing Mn content, and a high 

increase in Keff upon increasing Co content. AC and calorimetric SAR experiments at a 

magnetic field strength of 20 kA/m and a magnetic field frequency of approximately 200 kHz 

revealed poor heating of each multi-cationic series, except for the high anisotropy, high cobalt 

substituted spinel nanoparticles (MM-2), which displayed an AC SAR value of 83 W/g and a 

calorimetric SAR value of 26.9 W/g. Section 2 outlines the synthesis methods guided by DFT, 

and the characterization methods. Results are presented in Section 3 including detailed 

analysis of the magnetometry data. Conclusions and outlook are presented in Section 4. This 

work guides future engineering of magnetic nanoparticles with tailored properties for 

applications like hyperthermia treatment.

2. Experimental

2.1 Synthesis of Fe3-x-yMnxCoyO4 spinel nanoparticles.
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As shown in Fig. 2, five compositions along the bottom of the tertiary diagram were 

synthesized (MM-3 to MM-7), targeting lower MAE (Keff) values. Additional compositions 

were synthesized at the middle of the diagram (MM-1) and at the region of high MAE (MM-

2). Their corresponding targeted cationic compositions and precursor masses are also shown. 

The tertiary diagram on the right of Fig. 2 depicts the actual cationic compositions of each 

sample, which were slightly different from those targeted. Fig. 3 depicts the seven 

compositions again, with their predicted DFT Ms values shown by the gray scale (see scale 

bar). The samples were synthesized using a thermal decomposition drip method, adapted from 

the extended LaMer drip synthesis.23 In a typical synthesis, iron and cobalt acetylacetonates 

were added to a 3-neck round bottom flask with 3 mL of oleic acid, and 5 mL of octadecene. 

Three rubber septums were attached to each end of the flask and the mixture was vortexed 

and sonicated until homogeneous. Using a syringe needle attached to a Schlenk line, a vacuum 

pump was used to degas the liquids until bubbles stopped forming. Manganese oleate and 5 

mL of octadecene were also mixed, sonicated, and degassed in the same manner. A metal bath 

was used to heat the 3-neck flask to 360°C. The middle septum was removed to allow a 

mechanical stirrer with a glass stir rod to be inserted to stir the mixture at roughly 300 rpm. A 

syringe needle attached to a flowmeter was inserted through a rubber septum on the flask to 

allow house nitrogen to flow at 0.3 L/min. The manganese oleate solution was poured into a 

syringe and attached to a syringe pump. A long syringe needle was attached to the syringe and 

placed in the remaining septum to drip the precursor at 5 mL/hr. The reaction was held at 360 

°C for one hour and then removed to cool down to room temperature. Upon cooling, the 

nanoparticles were dispersed in two 50 mL centrifuge tubes by roughly halving the 

nanoparticle solution and adding 15 mL of hexane to each tube. 20 mL of methanol is then 
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added to each tube, which are both centrifuged at 10,000 rpm for 3 minutes. Upon collecting 

some of the particles at the bottom of the tube, an oily layer remained at the top of the liquids. 

The dirty methanol was pipetted out, discarded, and fresh methanol was added again. The 

centrifuge tubes were shaken, sonicated, and centrifuged again. This process was repeated 

until the volume of the oily layer became minimal. The particles were then stored in hexane, 

parafilm wrapped, and placed in a refrigerator for storage. 

Fig. 2. Tertiary diagrams depicting DFT 12 targeted cationic compositions, the reagent weights 
in grams used in the synthesis and their corresponding magnetocrystalline anisotropy energies, 
and magnetic saturations.
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Fig. 3. Tertiary diagrams depicting synthesized cationic compositions, their corresponding 
magnetocrystalline anisotropy energies and their magnetic saturations  predicted by DFT.12 
The compositions were verified through ICP-OES.

2.2 Characterization techniques

2.2.1 TEM characterization

A Hitachi 7830 high resolution transmission electron microscope (HR-TEM) operating at 120 

kV and 10 µA was used to obtain images of the nanoparticles. One droplet of the diluted 

nanoparticle mixture in hexane was dropped onto formvar/carbon on 200 mesh copper TEM 

grids purchased from Electron Microscopy Sciences. ImageJ software was used to measure 
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the diameters of the particles through applying a threshold to the image to distinguish the 

particles from the background. A scale was applied, followed by the “analyze particles” 

function to automatically determine the Feret diameters of 300 nanoparticles. (300 

nanoparticles are widely used as a sample size to provide sufficient statistical information for 

a nanoparticle series.25) An analysis of variance (ANOVA) with a significance level of α = 

0.05 was used to determine if any of the mean diameters statistically differed among the 

samples.

2.2.2 Analysis of cation content

A Thermo iCAP 7200 inductively coupled plasma optical emission spectroscopy (ICP-OES) 

analyzer equipped with Qtegra ISDS software was used to analyze the elemental compositions 

of each nanoparticle series. 

2.2.3 DC magnetic characterization

A physical property measurement system (PPMS) by Quantum Design was used to obtain 

magnetization versus field (M vs H) curves using a field strength of ±3 T at 300 K. The zero-

field cooled (ZFC) and field-cooled (FC) curves were measured using a magnetic field 

strength of 10 mT or 100 Oe, and temperatures ranging from 2 K to 300 K. 

2.2.4 AC magnetic characterization

The multi-cationic nanoparticles were dispersed into cotton balls which were then loaded into 

the PPMS using a cut plastic straw as a sample holder. The AC magnetic susceptibility 

(ACMS) II option was used to generate the magnetization response of the nanoparticles versus 

temperature (2 K-300 K; for MM-2, the temperature range extends to 350 K) in terms of real 

and imaginary susceptibility through varying the frequency of the AC magnetic field was 
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varied from 100 Hz to 10,000 Hz. The experiments were conducted at a 10 Oe AC excitation 

field under zero DC bias conditions.

2.2.5 Calorimetric SAR

An Ambrell EasyHeat Induction Heating System was used to measure SAR calorimetrically. 

An alternating current at 205 kHz was applied through the instrument’s coil containing 1 mL 

of a known concentration of nanoparticles dispersed in toluene inside a non-magnetic holder. 

The surrounding custom 3D printed sample holder was kept at 27ºC through a temperature-

controlled water bath from PolyScience. The temperature of the nanoparticle dispersion was 

measured with a Neoptix brand fiber optic cable and a Reflex temperature sensor recorder. 

The initial slopes of the resulting temperature versus time graphs were taken to calculate SAR 

values. This was repeated three times for each nanoparticle series, and the resulting average 

was taken to be the overall calorimetric SAR value. The calorimetric experiments were also 

repeated for a field strength of 12.7 kA/m and a field frequency of 376 kHz. The calorimetric 

experiments were also repeated for a field strength of 12.7 kA/m and a field frequency of 376 

kHz to probe heating behavior at higher frequencies, with each nanoparticle series only having 

one repeat.

2.2.6 AC magnetometric SAR

AC magnetometry measurements of the nanoparticles were carried out on a 40 μL toluene 

magnetic suspension by commercial inductive magnetometers from Nanotech Solutions. Each 

magnetization cycle was obtained from three repetitions, resulting in the averaged 

magnetization cycle and the related magnetic parameters: coercive force Hc, remanent 

magnetization Mr, and loop area representative of magnetic losses. The magnetometric 
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specific absorption rate (SAR) values were determined for the following expression 𝑆𝐴𝑅 = 𝑓
𝑐

𝐴, by calculating the area of the resulting hysteresis loop, where A is the AC magnetic area, c 

is the nanoparticle elemental (cationic) weight concentration, and f is the AC magnetic field 

frequency.10 Magnetization units were normalized by total cationic masses obtained by ICP-

OES.

3. Results and discussion

3.1 Structural Characterization

Fig. 4. HR-TEM images of each mixed-cationic series, with the mean diameters and standard 
deviations given in the table in nm. 

Page 13 of 34 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

9:
40

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR04648C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04648c


For each series, 300 nanoparticles were measured showing mean diameters near 10 nm. From 

Fig. 4, the lower Mn substituted spinel nanoparticles (MM-6 and MM-7) are slightly smaller 

at 8.8 and 8.4 nm, respectively. From MM-3 to MM-7, increasing Fe and decreasing Mn 

content generally correlates with decreasing nanoparticle diameters. MM-1 and MM-2, 

(which have higher cobalt content), exhibit the largest mean diameters. The standard 

deviations are roughly within 15% of the mean, except for MM-6 which has a standard 

deviation of 3.0 nm. Through analysis of variance (ANOVA) with a significance level of α = 

0.05, there is a 95% chance that at least one of the means is statistically different. These 

findings suggest that there are composition-dependent effects that influence the growth rate 

of the synthesized nanoparticles, which impact their mean diameters and homogeneity. Some 

discrepancy between targeted and synthesized compositions can be seen, highlighting the 

challenge of producing highly spherical, monodisperse nanoparticles while adjusting reagent 

ratios with different decomposition temperatures, and remain an area to be refined. 

Nonetheless, particles were produced in a manner with similar diameters allowing for the 

comparison of their resulting magnetic properties.

X-ray diffraction (XRD) data for the mixed-cationic nanoparticles have been included in the 

Supplementary Information as shown in Fig. S1. Because the nanoparticle samples retained 

an oily layer after synthesis, the magnetic cores could not be separated completely, resulting 

in increased noise in the XRD spectra. Despite this, the spectra display evidence of peaks 

corresponding to the (311), (400), (511), and (440) planes, which are characteristic of the 

magnetite spinel ferrite structure (JCPDS Card No. 85-1436). The oily layer also made 

energy-dispersive X-ray spectroscopy (EDS) impossible, as it was immediately carbonized 

upon contact with the electron beam, obscuring signals from the cations. 
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We also note that multiple oxidation states of manganese are possible and introduce 

complexity in determining the precise phase composition and cation distribution in the mixed-

cationic nanoparticles. It is possible that a fraction of the reaction products formed 

magnetically dead, or weakly contributing phases that would not contribute to the 

magnetization response in the nanoparticles. Additional techniques, such as X-ray 

photoelectron spectroscopy (XPS) and Mössbauer spectroscopy are required to fully resolve 

the oxidation states of the cations in the nanoparticles and are a crucial direction for future 

work.

3.2 DC magnetometry
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Fig. 5. (A). ZFC/FC curves for each nanoparticle series, (B) A table with mean blocking 
temperatures in K and DC Keff values in J/m3, (C) A bar graph comparing computational 
predictions of the MAE (orange colored) and Keff values inferred from the DC measurements 
(green).

The effective anisotropy energy density is given by

𝐾eff = 25𝑘B𝑇B

𝑉c
, Equation (3)

where kB is Boltzmann’s constant, TB is the mean blocking temperature in K, and Vc is the 

volume of the nanoparticle in m3. The mean blocking temperatures were calculated by finding 

the peak of the derivative of the (ZFC – FC) curves shown in Fig. 5A. 26, 27 The mean blocking 

temperature (second column) and the mean DC Keff (final column) inferred for each of the 

seven samples is displayed in Fig. 5B. To account for the nanoparticle size dispersion, a log-

normal size distribution was constructed using the experimentally measured mean diameters 

and standard deviations from Fig. 4. DC Keff was then calculated using the corresponding 

mean volumes from the log-normal distribution to reflect the size dispersion into the 

anisotropy values (Table S2.) From Fig. 5B, MM-6 is shown to have a very high standard 

deviation (± 3.0 nm) and is thus excluded from the compositional analysis of DC Keff.

Analysis of the DC blocking temperatures for the mixed-cationic nanoparticle series show a 

compositional dependence and are compared in Fig. 5C, since the blocking temperature scales 

with the DC anisotropy energy density according to equation (3). The high cobalt samples, 

(MM-1 and MM-2), are shown to have the highest mean blocking temperatures, (134 and 204 

K). Their experimentally determined DC Keff values (77 and 130 kJ/m3, green bars in Fig. 5C) 

are significantly lower than the DFT predicted values (247 and 340 kJ/m3, orange bars in Fig. 

5C). MM-1 and MM-2 have the highest DC Keff values out of all the samples, with MM-2 

being the highest, corroborating the trend that is predicted by the DFT modeling. 
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The DC Keff values for MM-3 to MM-7 are generally close to the predicted DFT values (Fig. 

5C). MM-3, MM-4, and MM-7 are within 2-10% of their targeted values, showing high 

agreement. MM-5 is 42% lower than what was targeted. The results indicate that the low 

cobalt substituted spinel nanoparticles (MM-3 to MM-7), can be synthesized with predictable 

DC Keff values, apart from MM-6, due to its larger size distribution. The results also show that 

generally, as the iron content increases and the manganese content decreases (MM-3 to MM-

7), the Keff values inferred from DC magnetometry generally decrease. In spinel ferrites, Keff 

is comprised of magnetocrystalline anisotropy, surface anisotropy, and dipolar interactions 

which are heavily influenced by the type and distribution of cations in the tetrahedral and 

octahedral sites.28 Increasing iron content while reducing manganese content shifts the multi-

cationic nanoparticles to a more magnetite-like cation distribution, which is characterized by 

reduced lattice distortions and a lower single-ion anisotropy. It can also be seen that the 

predicted values for MM-3 to MM-5 increase slightly as manganese content decreases and 

then drop for MM-7, highlighting the sensitivity of the multi-cationic system to slight changes 

in composition and cation occupancy. As Co substitution is known to cause strong spin-orbit 

coupling, this increase in DC Keff for the nanoparticles with higher cobalt content is expected, 

but was not as high as predicted.29 It should be noted that in this mixed-cationic system, 

variations in cation occupancy between tetrahedral and octahedral sites, in addition to the 

multiple oxidation states of manganese, can lead to the formation of distinct magnetic 

sublattices with magnetically dead regions in the nanoparticles. These effects complicate the 

interpretation of the composition dependent shifts that were observed in the DC Keff values. 

Additionally, small uncertainties in nanoparticle diameter or size dispersion can lead to large 

variations in the calculated DC Keff values. DFT calculations also assume idealized, perfectly 
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crystalline spinel lattices with fixed oxidation states and cation distributions, which will cause 

a discrepancy in Keff when compared to synthesized nanoparticles. These difficulties 

underscore the importance of refining nanoparticle synthesis, structural characterization, and 

mathematical modeling.

3.3 Magnetic saturation analysis

The nanoparticles that were dispersed in the cotton balls were then placed in a PPMS to create 

magnetization versus field curves with a maximum DC magnetic field strength of 3 T, to 

experimentally determine the saturation magnetization (Ms) of each nanoparticle series. To 

convert emu/g to A/m, the density of the compositionally varied spinel nanoparticles was 

considered to be 5.18 g/cm3 which is roughly the density of magnetite.30 The magnetization 

curves are shown in Fig. 6A, along with the resulting table of values for computationally and 

experimentally determined Ms in Fig. 6B.
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Fig. 6. (A) MvH curves for each mixed cation nanoparticle series with a maximum DC 
magnetic field strength of 3 T. (B) Table and (C) bar graph depicting computationally 
predicted and experimentally determined Ms.

As shown in Fig. 6C, the Ms values tend to experimentally increase (1.8 – 3.7 x 105 A/m, green 

bars) as manganese content decreases and as the iron content increases (MM-3 to MM-7). It 

has been shown that increasing iron content in single or bi-cationic spinel nanoparticles will 

increase Ms, which is in accordance with the experimental trend.31, 32 The DFT predicted Ms 

values do not follow this trend. MM-2 was experimentally determined to have the highest Ms 

(4.4 x 105 A/m) and MM-1 had a moderate Ms (2.6 x 105 A/m). The DFT predicted Ms values 
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for MM-1 and MM-2 (5.9 x 105 and 5.6 x 105 A/m) also do not align with the experimentally 

determined data. The predicted values are all higher in magnitude for each mixed-cationic 

series ranging from 4.4 – 5.9 x 105 A/m. This disagreement between the experimental and 

computational values may arise from the non-ideal placement of the various cations in the 

nanoparticle’s crystalline lattice during synthesis, as Ms depends on the net magnetic moment 

per formula unit determined by the difference between the moments of the tetrahedral and 

octahedral sites. The experimental increase in Ms with decreasing Mn content and increasing 

Fe content (MM-3 to MM-7) is likely due to more Fe3+ ions occupying octahedral sites, 

enhancing the magnetic moment per formula unit. The cation distribution in cobalt ferrite 

nanoparticles has been shown to alter Ms, with values decreasing with increasing cation 

inversion (Co2+ ions occupying tetrahedral sites and Fe3+ ions occupying octahedral sites).33 

For example, as MM-2 has less Mn content and higher Co and Fe content, fewer low-moment 

(Mn2+) ions occupy the octahedral site but are present in the tetrahedral site, while higher 

moment ions (Fe3+ and Co2+) occupy the octahedral site, maximizing the octahedral-

tetrahedral moment difference in the lattice, leading to high Ms.  Additionally, surface disorder 

effects are likely responsible for the consistently lower than predicted Ms values of the spinel 

nanoparticles, stemming from their smaller diameters of approximately 8.4-10.6 nm, an effect 

which has been reported for magnetite nanoparticles.34 It is interesting to note that the inferred 

DC Keff and the Ms values are decoupled, as increasing iron content (MM-3 to MM-7) 

generally decreases DC Keff, but increases Ms. The possible presence of magnetically dead or 

weak regions would also contribute to decreasing overall Ms. 

3.4 AC susceptibility analysis
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AC susceptibility measurements allow one to probe the dynamics over magnetic anisotropy 

barriers because the peak in the imaginary component of the susceptibility is related directly 

to the magnetic relaxation time. The peak occurs when 

𝜔𝜏 = 1, Equation (4)

where 𝜔 is the AC field’s angular frequency and 𝜏 is the relaxation time given in equation (2).  

Debye showed this relation for dipoles that can physically rotate35 and later it was shown via 

Landau Lifshitz Gilbert simulations that Néel-Arrhenius dynamics also follow this rule.36 

Fig. 7. (A) Representative AC susceptibility χ/// χ/ versus temperature curves for MM-7, taken 
at frequencies ranging from 100 Hz to 10,000 Hz. The imaginary part of the magnetic 
susceptibility is normalized to the real part at 10 K. (B) The logarithm of the peak relaxation 
time ln(𝜏) versus inverse temperature 1/T with a NA fit through the data (equation (2)). (C) 
The same data with a Vogel-Fulcher fit (equation (5)) and with the anisotropy constrained to 
its DC value calculated from the mean diameter of the sample (Keff=40 kJ/m3).
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Changing the AC frequency shifts the susceptibility peak as a function of relaxation time or 

as a function of temperature, since the two are linked via equation (2).

The AC magnetization data is shown in Fig. 7A for the MM-7 sample. The imaginary (out-

of-phase) component of the AC susceptibility (χ//) was normalized to the real (in-phase) 

component of the AC susceptibility (χ/) at 10 K and then plotted versus temperature. Higher 

field frequencies move the peak temperature higher since a lower relaxation time (faster) is 

needed to maintain the equality in equation (4).

From these curves in Fig. 7A, the logarithm of the relaxation time ln(𝜏) = ln (1
𝜔

) was plotted 

as a function of peak temperature. This allows the Néel-Arrhenius (NA) – or Néel-Brown – 

equation (2) to be fit to the data, which is shown in Fig. 7B. The best fit is obtained using a y-

intercept corresponding to attempt time τ0=1.3x10-13 s and a slope proportional to the 

anisotropy energy density Keff=63 kJ/m3. (Note that we use a mean magnetic volume for MM-

7 VC=3.3x10-25 m3, which is slightly larger than 4𝜋〈𝑟〉3

3 , with 〈𝑟〉 the mean radius, because the 

distribution of volumes is skewed to higher values in a log-normal distribution.) The attempt 

time is quicker than what is usually assumed in DC measurements (0.001-1 ns) and the 

extracted anisotropy is roughly 50% larger than the value extracted from DC measurements 

calculated from the overall mean  (40 kJ/m3).37 R2 values were computed using the inbuilt 

functions within Mathematica's NonlinearFindFit routine.38 However, we note that the 

goodness of the fit (R2>0.999) remains high no matter how we constrain the fit parameters. 

For example, constraining the anisotropy to be equal to the DC value calculated from the 

overall mean (Keff=40 kJ/m3) results in a one-parameter fit with τ0=0.25 ns and R2=0.996, 

which also seems reasonable.
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Table I shows the results of the unconstrained NA fit to the data, for all seven samples. One 

sees that the attempt times τ0 (fourth column) are unphysically small, as noted by others.39 

The extracted anisotropy energy density Keff values from the fit (third column) are also larger 

than the DC values in Fig. 5. However, the trend in the anisotropy is roughly the same with 

MM-2 having the largest value, followed by MM-1, and MM-7 having the lowest. This is 

encouraging.

Table II instead shows the same NA fit with the anisotropy constrained to the DC values (third 

column). Now the only fit parameter is the attempt time τ0 in ns (fourth column). The attempt 

time is reasonable for all samples apart from MM2 where it is a little small. The goodness of 

the fit is not as high as when the anisotropy is unconstrained (Table I) but is still greater than 

0.99 in all cases. Therefore, the different fits may only give qualitative information on the 

anisotropy barrier heights and attempt times.

Table I. The parameters Keff and 𝜏0 extracted from a Néel–Arrhenius (NA) fit (equation (2)) 
to the AC peak data from each sample. The R2 value for each fit is given in the fifth column. 
The mean magnetic core volume is written in the second column for completeness. 

Sample Mean Vc
(10-25 m3)

Keff (kJ/m3) 
from NA fit

τ0 (ns) from 
NA fit

R2 of NA 
fit

MM-1 6.1 140 7.7x10-10 0.9997
MM-2 6.7 415 3.6x10-26 0.9993
MM-3 6.3 116 5.3x10-9 0.9999
MM-4 5.1 94 1.4x10-6 0.9995
MM-5 5.7 116 2.4x10-14 0.9998
MM-6 4.9 94 4.7x10-6 0.9997
MM-7 3.3 63 1.3x10-4 0.9998

Table II. The attempt time 𝜏0 extracted from a Néel–Arrhenius (NA) fit (equation (2)) to the 
AC peak data from each sample, this time with the anisotropy constrained to the DC values 
calculated from the overall means. The R2 value for each fit is given in the fifth column. The 
mean magnetic core volume is written in the second column for completeness. 
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Sample Mean Vc 
(10-25 m3)

DC Keff 
(kJ/m3)

τ0 (ns) from 
NA fit

R2 of NA 
fit

MM-1 6.1 77 0.35 0.995
MM-2 6.7 130 0.000015 0.996
MM-3 6.3 61 0.01 0.997
MM-4 5.1 57 0.03 0.995
MM-5 5.7 44 0.09 0.990
MM-6 4.9 55 0.10 0.995
MM-7 3.3 40 0.25 0.996

Another option is to fit the AC data using the Vogel-Fulcher law 40, namely

τ = τ0exp 𝐾eff𝑉𝐶

𝑘𝐵(𝑇𝐵―𝑇0)
, Equation (5)

where the variables are defined in equation (2), but with the addition here of a so-called 

interaction temperature 𝑇0. Evidence of non-ideal behavior of the nanoparticles is noted due 

to the unphysically small τ0 value obtained from the NA fitting. The Vogel-Fulcher model is 

assumed to be appropriate when there are weak interactions, which is likely the case for the 

multi-cationic nanoparticles, as they were dried into a fixed state for this experiment. 

Typically, this fit brings the attempt frequency to more reasonable numbers (for example, see 

Ref.39. As with the Néel-Arrhenius law, we found that a seemingly good fit (R2 >0.999) was 

obtained no matter how the parameters were constrained. For example, considering MM-7 

again, constraining the anisotropy to the DC value (Keff=40 kJ/m3) resulted in a fit with τ0

=0.009 ns, 𝑇0=14 K, and R2 =0.9997, which are physically reasonable parameters. This fit is 

shown in Fig. 7C and is not considerably different from the NA fit shown in Fig. 7B. The AC 

susceptibility measurements measure the dynamics of the magnetic moments over the Keff 

energy barrier. As Co2+ has strong spin-orbit coupling, an enhancement of the 

magnetocrystalline anisotropy energy is expected. MM-1 and MM-2 can be seen to have 

higher calculated Keff values, which is reasonable as they have higher Co content compared to 
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the other samples. Fe3+ has a larger magnetic moment than Co2+ but has a smaller spin-orbit 

contribution. Mn2+ has the weakest spin-orbit contribution. From Tables I & II, the calculated 

Keff values reflect the spin-orbit contributions of the cations that comprise the nanoparticles as 

they tend to decrease with increasing Fe content (MM-3 to MM-7). Again, it is interesting to 

note the decoupling between the nanoparticle’s Keff and Ms based on cationic composition. 

These interpretations must also be noted within the context of the sensitivity of the 

calculations to volume differences, and within the limitations of DFT modeling.

3.5 Specific absorption rate

The heating efficiencies of the nanoparticles were tested through calorimetric and AC SAR 

experiments. The masses of each of the nanoparticle series was taken by conserving the 

samples from each experiment and determining their elemental (cationic) content through 

ICP-OES. Each SAR is normalized with respect to the combined masses of Fe, Co, and Mn.
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Fig. 8. Magnetometric SAR (solid line) for each mixed-cationic series at a field strength of 20 
kA/m and a frequency of 200 kHz and calorimetric SAR (dashed line) for each mixed-cationic 
series at a field strength of 20 kA/m, and a frequency of 205 kHz.

Most of the mixed-cationic series heated poorly at a field strength of 20 kA/m and frequencies 

near 205 kHz, as shown in Fig. 8. It has been shown that iron oxide nanoparticles that are 10 

nm in diameter are poor heaters, which match the results for many of the mixed-cationic 

series.41 While the poor SAR values can arise from nanoparticle agglomeration, the toluene 

suspension likely limits significant clustering, suggesting that the low heating efficiency is 

primarily intrinsic to the nanoparticle size and composition. Notably, MM-2 displayed a much 

higher magnetometric and calorimetric SAR than the other nanoparticle series at these fields 

and frequencies. It has been shown that maximum heating for magnetic nanoparticles occurs 

at ωτ≈1, with (ω=2πf).1, 15 The Néel relaxation time corresponding to maximum heating at a 

given frequency 𝑓 is given (similar to Equation 4) by 

 τ𝑁𝑚𝑎𝑥 = 1
2𝜋𝑓 . Equation 6

For an AC field frequency of 200 kHz, the Néel relaxation for maximum heating is calculated 

to be 8 x 10-7 seconds, or 0.8 µs. The corresponding Keff value for a magnetic nanoparticle of 

10 nm in diameter to achieve this Néel relaxation time is 53 kJ/m3, using Equation (2) and 

assuming τ0=1 ns and T=300 K. We note that this value is on the same order of magnitude as 

Keff found from DC measurements (Fig. 5B) and AC measurements (Table I) but there are too 

many approximations to claim that the nanoparticle composition with Keff closest to this will 

heat the best. However, MM-2 exhibits by far the highest Keff inferred from DC and AC 

measurements, and the highest heating, due to its higher Keff from higher spin-orbit coupling 

from its increased Co content. In contrast, MM-3 to MM-7 have lower Keff values due to their 
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weaker spin-orbit coupling from their higher Mn and Fe content, producing Néel relaxation 

times that are too quick compared to the AC field timescales, causing their magnetic moments 

to closely follow the field, limiting their heat generation.   

To understand this effect, the nanoparticles were subjected to higher magnetic field 

frequencies with results shown in Fig. 9. Due to instrumentational constraints, the highest 

possible frequency for the magnetometric SAR was chosen at 350 kHz. For the calorimetric 

SAR, the induction coil with the closest nominal frequency to this value (376 kHz), and 

highest field strength among these induction coils (12.7 kA/m) was used. The closest 

corresponding field strength setting (12 kA/m) was chosen for the magnetometric SAR. The 

Fig. 9. Magnetometric SAR (solid line) for each mixed-cationic nanoparticle series at a field 
strength of 12 kA/m and a frequency of 350 kHz and calorimetric SAR (dashed line) for each 
mixed-cationic nanoparticle series at a field strength of 12.7 kA/m, and a frequency of 376 
kHz.
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magnetometric SAR values for MM-1 and MM-3 increased to 120 and 110 W/g, respectively, 

showing a large increase from the >10 W/g values at 200 kHz. The calorimetric SAR values 

also increased to 63 and 88 W/g from values below 1 W/g, as seen in Fig. 9. MM-2 also was 

determined to have an increase in AC SAR from 83 to 102 W/g, and an increase in calorimetric 

SAR from 26.9 to 85 W/g. MM-4 began to produce heat upon this frequency increase, 

measuring a calorimetric SAR value of 45 W/g, compared to its SAR of 2 W/g at 205 kHz. 

The rest of the mixed-cationic series did not produce heat at either magnetic field frequency, 

except for MM-7 measuring a calorimetric SAR of 25 W/g at the increased frequency. 

At 376 kHz, the optimal Néel relaxation time is 4.2 x 10-7 seconds (0.42 µs), which is lower 

than that calculated earlier for 200 kHz The Keff value that this would occur at is 47.6 kJ/m3 

(again using Equation (2) and assuming τ0=1 ns and T=300 K). Increasing the AC field 

frequency would optimize heating for nanoparticles with a faster Néel relaxation time and a 

smaller Keff than considered for 200 kHz. Therefore, while only MM-2 produced heat at 200 

kHz, now other particle series produce heat as a smaller threshold Keff value is required. This 

is seen as MM-1 through MM-4 produce heat, but the slightly smaller particles and those with 

lower Keff values still do not. An increase in magnetocrystalline anisotropy with increasing 

cobalt content has been previously reported for 11 nm cobalt ferrite nanoparticles, which is 

attributed to higher spin-orbit coupling.42 It was hypothesized that this increase in 

magnetocrystalline anisotropy tuned the Néel relaxation time around the driving frequency, 

which caused the enhancement of SAR with the increasing cobalt content of the nanoparticles.  

Néel relaxation time is highly sensitive to nanoparticle volume, which in turn will affect the 

optimal field and frequency for required for energy dissipation in addition to the influence of 

Keff. While the nanoparticles in this study are relatively monodisperse and spherical, it should 
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be noted that small variations in nanoparticle volume and additional contributions to Keff such 

as dipolar interactions can influence the measured SAR. Despite these factors, it can be seen 

that altering cation composition can be used to tune Keff, allowing for maximization of heating 

efficiency at specific alternating magnetic field frequencies.

4. Conclusions

In this work, DFT was used to guide the synthesis of seven nanoparticles series with controlled 

cationic compositions comprised of Fe, Co, and Mn that were roughly 10 nm in diameter. The 

actual compositions of the nanoparticles were verified by ICP-OES, and the size and shapes 

of the nanoparticles were verified by HRTEM. As the size and shape of the nanoparticles are 

relatively similar, the differences in Keff and the resulting magnetic properties of the 

nanoparticles due to changes in their magnetocrystalline anisotropy were maximized. 

The ZFC-FC curves illustrated differences in blocking temperatures with relative trends as 

predicted by DFT calculations, as their blocking peaks shifted to lower values as the iron 

concentration increased and the manganese concentration decreased for the nanoparticles, 

(MM-3 to MM-7), indicating a decrease in Keff attributed to weaker spin-orbit coupling. It 

should be noted that the calculated DC Keff values for the nanoparticles are highly sensitive to 

small changes in nanoparticle volume. The two spinel nanoparticles that were targeted 

towards higher Keff values, (MM-1 and MM-2), displayed the highest blocking temperatures, 

indicating that they have a higher Keff, verifying the DFT predictions. Their calculated Keff 

values also followed this trend and were the highest of the series, with MM-1 having 

anisotropy energy density equal to 77 kJ/m3, and MM-2 having 130 kJ/m3, attributed to higher 

spin-orbit coupling. 
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The Ms of the nanoparticles also increased with increasing iron content, and decreasing 

manganese content, (MM-3 to MM-7), verifying the DFT calculations and coinciding with 

previously published results, illustrating that Ms can be targeted through altering Keff. MM-1 

had a lower Ms than predicted, and MM-2 had a higher Ms than predicted. 

AC susceptibility data was generated for each sample, which were fitted to Néel–Arrhenius 

models. The fits gave rise to a wide range of inferred attempt time and anisotropy energy 

density values. However, the trend in the anisotropy strength amongst the series of seven 

particles matched that extracted from the DC magnetometry data.

AC and calorimetric SAR experiments at a field strength of 20 kA/m and 200-205 kHz 

revealed that each mixed-cationic nanoparticle series heated poorly, except for MM-2. 

Increasing the calorimetric and AC field frequencies to approximately 376 and 350 kHz, 

respectively, revealed that the mixed-cationic nanoparticles with higher Keff values, (MM-1 to 

MM-4), were able to generate heat, indicating that their higher Keff values were able to slow 

down their Néel relaxation times into the optimal range for this AC magnetic field frequency. 

Therefore, altering Keff through cationic composition can optimize the nanoparticles for 

specific AC magnetic field frequencies. These findings provide a predictive framework for 

designing optimized mixed-cationic nanoparticles for applications such as hyperthermia, 

catalysis, data storage, and nanoparticle imaging, where control over Keff is paramount.
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Data Availability

Data for this article, including images, raw magnetic data, ICP concentrations, are available at 

Zenodo at https://doi.org/10.5281/zenodo.17517056
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