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Abstract
In this work, we investigate alternative materials systems that, based on their intrinsic magnetic
properties, have the potential to deliver enhanced heating power in magnetic fluid hyperthermia.
The focus lies on systems with high magnetization phases, namely iron-nitrogen (Fe-N),
iron-boron (Fe-B) and iron-carbon (Fe-C) compounds, and their performance in comparison to
the conventionally used iron oxides, γ-Fe2O3, Fe3O4 and non-stoichiometric mixtures thereof.
The heating power as a function of the applied alternating magnetic field frequency is calculated
and the peak particle size with the maximum specific loss power (SLP) for each material is
identified. It is found that lower anisotropy results in larger optimum particle size and more
tolerance for polydispersity. The effect of nanoparticle saturation magnetization and anisotropy
is simulated, and the results show that in order to maximize SLP, a material with high
magnetization but low anisotropy provides the best combination. These findings are juxtaposed
with experimental results of a comparative study of iron nitrides, namely α′′-Fe16N2 and ε-Fe3N
nanoparticles, and model nanoparticles of iron oxides. The former ones are studied as heating
agents for magnetic fluid hyperthermia for the first time.
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1. Introduction

The survival rate of mammalian cells decreases drastically at
T ⩾ 43 ◦C [1], which opens the door for employing hyper-
thermic effects as a therapeutic tool in cancer treatment by
raising the temperature of tumor tissue [2]. This can be done
as a stand-alone technique or to enhance the efficiency of
chemo- and radiation treatments [3–5]. Moreover, magnetic
fluid hyperthermia (MFH) using magnetic nanoparticles that
produce heat in response to an applied alternating magnetic
field (AMF) has the potential to deliver targeted treatment,
focusing the energy source to achieve doses that are select-
ively localized within the tumor volume [6]. Various clinical
studies have already demonstrated the potential of this method
[7–10].

Typically, superparamagnetic iron oxide nanoparticles,
e.g. γ-Fe2O3 (maghemite), Fe3O4 (magnetite) and their mix-
tures are used in MFH [6–9, 11–13], as they are inexpensive to
produce, chemically stable, show low toxicity and their path-
ways of metabolism are known [8]. Because of their ferrimag-
netic nature, the saturation magnetization remains moderate
(see the overview of selected materials in table 1, including
novel and potentially promising heating agents). It has been
shown that individual nanoparticles cannot deliver a sufficient
heating effect due to their high surface-area-to-volume ratio,
which results in rapid heat dissipation [14–16]. This is par-
ticularly important for applications where the concentration
is very low, for instance in the case of targeted hyperthermia
[17] where the main challenge is to obtain sufficiently high
concentrations of nanoparticles in the cancer cells resulting in
sufficient heating at clinically tolerable levels of AMF [18].
Furthermore, to treat smaller tumors (larger thermal losses
into surroundings due to their higher surface-area-to-volume
ratio) and reduce the necessary dose of the heating agent,
enhanced specific loss power (SLP) values are crucial in order
to achieve the desired effect (the quantity is traditionally
denoted as SAR, i.e. specific absorption rate although SAR
sensu stricto is defined as energy absorbed per unit mass of
tissue (more detailed discussion can be found for example in
[19–21])). For example, an SLP of more than 1 kW g−1 is pre-
dicted to be necessary for treatment of a tumor with the size of
about 3 mm, and an SLP of 10 kW g−1 in the case of targeted
particle delivery when reaching concentrations of 1 mg ml−1

[14]. To summarize, a novel magnetic material with superior
magnetic properties enabling enhanced heating power would
be highly beneficial.

The goal of the present work is therefore to consider
alternative material systems and identify the most prom-
ising candidates that possess favorable magnetic properties
for significantly enhanced heating power. For a qualitat-
ive comparison between the different materials, the heating
power of nanoparticles is calculated and the optimum particle
size is identified. Several systems with potentially prom-
ising phases are investigated, namely iron-nitrogen (Fe-N),
iron-boron (Fe-B) and iron-carbon (Fe-C) compounds, and

compared to the conventional iron oxides. In the following
part, the conclusions are supplemented by an experimental
study on magnetic nanoparticles of two selected iron nitrides,
namely α′′-Fe16N2 and ε-Fe3N, and model iron oxides.

The fascinating phase diagram of iron nitrides provides—at
least at first glance—very attractive systems with respect
to the development of nanocrystalline forms for medical
applications, like magnetic fluid hyperthermia. Specifically,
the Fe-N phases with nitrogen content up to 25 at% exhibit
ferromagnetic ordering at room temperature characterized by
high saturation magnetization, the iron nitrides are expected
to be rather biocompatible/non-toxic considering the consti-
tuting elements, and their nanoparticles are also less sensit-
ive to oxidation by air compared to metal Fe nanoparticles.
Nevertheless, the synthesis of iron nitride nanoparticles is
challenging, even cumbersome and definitely not as straight-
forward as the preparation of simple iron oxides or ferrites
[22, 23]. The experimental part of the present study employs
well-defined samples of α′′-Fe16N2 and ε-Fe3N nanoparticles
that were prepared in our laboratory with a decent yield. The
interstitial compound ε-Fe3N (space groups P63/mmc, P6322,
or P312) is structurally derived from the hexaferrum, ε-Fe,
with the hexagonal close-packed arrangement of Fe atoms,
where N atoms occupy in an ordered way one third of octahed-
ral interstices. The tetragonal crystal structure of α′′-Fe16N2

(I4 mmm−1 ) is based on the body-centered cubic (bcc) α-Fe,
whose eight unit cells are supplemented just by two N atoms
in octahedral interstices.

2. Mathematical model and numerical framework

Since remanence and coercivity in single-domain particles
decrease rapidly with decreasing particle size and vanish near
the critical superparamagnetic size, static hysteresis losses
become negligible [24, 25] and therefore are not considered
in our calculations. Upon a change in the external magnetic
field, magnetic moments in a suspension of superparamag-
netic particles can reach equilibrium by two relaxation mech-
anisms, which result in dynamic hysteresis losses due to mag-
netic relaxation with a phase lag. First, the entire particle can
rotate with respect to the surrounding liquid medium. This
process is described by the Brownian relaxation time [26].
However, upon administration of nanoparticles into the tar-
get tissue, non-specific interactions typically lead to high fric-
tional forces that practically immobilize the particles [27, 28].
Hence, the particles are not able to freely rotate, and the
Brownian relaxation can be usually neglected. Therefore, τB
is not taken into account in the calculations discussed later in
this work (explained in more detail in [29]. The other heat-
ing process mechanism is the Néel relaxation, i.e. the rotation
of magnetization that occurs if the magnetic moment of the
particle overcomes the energy barrier due to thermal fluctu-
ations. Since the commonly used magnetic nanoparticles in
MFH (the cubic phases Fe3O4 and γ-Fe2O3) do not possess
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Table 1. Saturation magnetization Ms, anisotropy constant K and theoretical density ρ for materials studied in this work, including both
conventional and potential heating agents.

Material Ms (A m2kg−1) K (kJ m−3) ρ (g cm−3) References

Fe3O4 92 13 5.17 [43]
CoFe2O4 81 270 4.9 [43]
Fe16N2 162 960 7.43 [23, 44]
Fe4N 198 29 7.21 [45, 46]
Fe3N 106 −390 7.20 [47–49]
Fe3C 142 450 7.66 [50]
Fe5C2 143 260 7.6 [48, 49, 51]
Fe2B 167 −430 7.33 [52]
Fe3B 175 340 7.3 [53]
Fe 217 48 7.87 [43]
Fe65Co35 240 20 8.11 [54]

uniaxial anisotropy, instead of using the original expression
for the relaxation time introduced by Néel [30], the one later
derived by Brown for particles with an arbitrary anisotropy is
applied [31]:

τN = τ0

(
εB
kBT

)−1/2

e
εB
kBT (1)

where the energy barrier εB = KV (K is the anisotropy constant
and V particle volume). The pre-exponential factor (attempt
time) τ0 is material-dependent and can be approximated as
a function of saturation magnetization and Gilbert damping
parameter [32]. To avoid ambiguity in the damping parameter
for different materials and to be consistent with previous mod-
elling works [14, 33, 34], the constant attempt time value of
τ0 = 10−9 s is applied.

Since the goal of this study is to qualitatively compare
various materials rather than calculate SLP values with the
highest possible accuracy, the standard approach [35] has been
employed (more quantitative agreement has been achieved by
Monte Carlo simulations [36, 37]). For randomly oriented nan-
oparticles and small applied magnetic fields where the linear
response theory (LRT) is valid, the rate of power dissipation
per unit volume of particles is expressed as (detailed treatment
of the problem can be found for example in [34] or [35]):

PH =
πµ2

0M
2
sVH

2
0

3kBT
fωτeff

1+(ωτeff)
2 (2)

where is vacuum permeability, and f are the amplitude and
frequency of the applied AMF, τeff is the effective relaxation
time ( 1

τeff
= 1

τN
+ 1

τB
), and ω = 2πf is the angular frequency.

The maximum power dissipation and the optimum particle
size for each investigated material under various parameters
of the applied AMF is solved numerically using equation (2)
with relaxation time according to equation (1) by in-house
developed framework based on Python JupyterLab [38, 39].
The code with all the functionalities is openly available at
the Technical University of Darmstadt’s institutional repos-
itory [29]. It has to be noted that the domain of validity of
LRT is limited to low magnetic fields and low particle sizes
[35, 40, 41], where magnetization is assumed to be linear for

α= µ0MsVH
kBT

< 1. For the majority of calculations considered
in this work, the evaluated optimum particle size lies indeed
in this range. Moreover, it has been shown experimentally
on magnetite Fe3O4 nanoparticles that even for α > 1 the
optimum particle size is close to that calculated by LRT [42].

The most commonly used experimental quantity for
characterization of the MFH heating performance is the SLP.
To be able to compare the calculated PH values with those
measured experimentally, the heating power is normalized by
the density of the heating agent material.

In this work, alternative materials systems that, based on
their intrinsic magnetic properties (K andMs), have the poten-
tial to deliver enhanced heating power for MFH are investig-
ated and compared to the traditionally used iron oxides. All
the materials used in the calculations with their corresponding
properties are summarized in table 1.

3. Results and discussion

3.1. Optimum particle size and magnetic properties

The calculated SLP curves as a function of particle size for
different materials with the properties given in table 1 are
shown in figure 1. This graph vividly illustrates the signific-
ance of both the intrinsic magnetic properties of the mater-
ial and the particle size. There is a sharp maximum in SLP
for each material in agreement with the previous modelling
and experimental results [34, 55]. The position of the maxima
depends inversely on the corresponding anisotropy constant
and shifts to a larger particle size with lower K. As the res-
ult, the feasibility of high anisotropy materials such as Fe16N2

for MFH applications becomes very challenging since very
fine nanoparticles with a diameter of ≈ 4 nm and narrow size
distribution would need to be produced, which in practice is
very difficult. Moreover, high K materials generally show lar-
ger coercivities due to the increased anisotropy field, which, as
already pointed out by Dutz and Hergt [33], presents another
obstacle because the applied magnetic field amplitude should
exceed the coercivity of the particles to obtain maximum
power loss. Yet, the available magnetic field amplitudes in
MFH are clearly limited. Another important point here is that
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Figure 1. Calculated SLP values as a function of particle size for
materials given in table 1 for f = 100 kHz and H = 5 kA m−1 under
the condition of the LRT validity.

the lower the anisotropy constant, the broader the peak in SLP,
and thus larger polydispersity can be tolerated, which again is
very important when the actual synthesis of nanoparticles is
considered.

Examination of equation (2) suggests several options for
increasing the rate of power dissipation solely from the math-
ematical point of view. First, PH could be increased by simply
using higher applied magnetic field amplitude and frequency.
However, as already discussed, the product f ·H= 4.85 · 108
A (m·s)−1 is the limiting factor for this approach. Second,
since PH scales with Ms, an increase in nanoparticle magnet-
ization above the conventionally used iron oxides would be
highly beneficial. Several Fe nitrides, carbides and borides,
as well as metal Fe and Fe-Co, seem to be promising, tak-
ing into account their high magnetization at room temperat-
ure (see table 1). Nevertheless, the development of an efficient
heating agent based on these phases is not that straightfor-
ward. This is revealed by figure 1 and evidenced by figure 2,
which shows the dependence of the maximum SLP (for an
optimum particle size according to figure 1) on the satura-
tion magnetization. The common magnetite shows superior
SLP compared to most of the iron nitride, carbide, and boride
phases despite its much lower magnetization. The reason for
this can be found in the third factor contributing to the heat-
ing power according to equation (2), namely in the particle
volume V, which increases as d3p. Consequently, the larger the
optimum (peak) particle size (corresponding to the peak in
SLP), the better is the respective material for achieving a high
heating efficiency. In conclusion and in agreement with pre-
vious calculations [40], material with high magnetization but
low anisotropy provides the best combination to maximize the
heating effect.

3.2. Materials optimization approach

The last conclusion of the previous section is of great
importance and shows that the materials science approach,

Figure 2. Calculated SLP values (under the condition of the LRT
validity) as a function of saturation magnetization for materials
described in table 1. Sizes of the circles represent the relative
particle diameters for the maximum SLP according to figure 1.
Actual values of the particle diameters are given in the parentheses
in the legend.

where the target composition of a particular material is
rationally designed to meet the desired criteria—maximum
magnetization with minimum anisotropy, provides a prom-
ising path towards maximizing SLP in magnetic fluid hyper-
thermia. Several studies have been conducted, for example,
on nanoparticles of metal iron and iron carbide nanoparticles
[56, 57], but as far as we have been able to ascertain, iron
nitride and iron boride systems have never been explored in
this respect.

It has been shown both experimentally and by dens-
ity functional theory calculations that the magnetocrystalline
anisotropy of iron nitrides can be tuned by adjusting the nitro-
gen content, which determines the anisotropic crystal lattice
expansion from the bcc arrangement in α-Fe to the body-
centered tetragonal in Fe8Nx (α′′-Fe16N2) [58–60]. The degree
of ordering of the N atoms also plays role in the resultant
values of saturation magnetization and anisotropy constant
[61, 62]. However, these effects result in an enhanced mag-
netocrystalline anisotropy of Fe8Nx. The cubic γ′-Fe4N phase
[45] with high magnetization and low anisotropy is likely to be
a more suitable candidate as is also evidenced from the reason-
able SLP performance in figures 1 and 2. Additional import-
ant factor in favor of γ′-Fe4N is the chemical stability. The
α′′-Fe16N2 phase appears to be metastable and unless passiv-
ated on the surface or coated with a protective layer, it is prone
to oxidation [23, 63].

In the iron-boron system, magnetocrystalline anisotropy
can be tuned by Co doping [52, 64]. The complex depend-
ence of magnetocrystalline anisotropy energy on the Co con-
tent together with the change in the magnetic moment of
the phase is illustrated in figure 3. The binary Fe2B has a
negative K (easy-plane anisotropy), which increases with x
in (Fe1−xCox)2B, reaching 494 kJ m−3 for x = 0.25, and
decreases again for higher Co contents [65].Magnetic moment
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Figure 3. Saturation magnetic moment per magnetic atom and
magnetocrystalline anisotropy energy (MAE) for (Fe1−xCox)2B
systems (data from [65, 66]). Lines are provided as a guide for the
eye.

decreases monotonously with increasing Co content. By
adjusting the Co content close to the zero magnetocrystalline
anisotropy energy crossover points, it is possible to obtain a
very low anisotropy material.

The binary iron-cobalt system is of great interest due to its
high magnetization. Also, in this case, both magnetization and
anisotropy can be tuned by varying the chemical composition.
The anisotropy becomes almost zero at around 40–50 wt.%Co
depending on the degree of ordering [67]. However, the pres-
ence of Co in the heating agent may represent an obstacle for
application in MFH due to the toxicity of its ions. Even if such
magnetic particles are coated by a robust shell that prevents
any leaching of metal ions under physiological conditions, the
presence of this metal as suchmay hinder the development due
to toxicity concerns and risks related to clinical studies.

To conclude, it appears feasible to engineer by interstitial
or substitutional alloying various Fe-based materials with high
magnetization towards a low anisotropy for enhanced SLP in
magnetic fluid hyperthermia, thus advancing beyond the con-
ventionally used iron oxides. Obviously, in addition to mag-
netic properties and heating power, detailed studies addressing
their chemical stability and biocompatibility of the potential
heating agents will be necessary.

4. Experimental study on selected iron nitrides

4.1. Experimental details

High phase-purity α′′-Fe16N2 nanoparticles used in this study
have been produced via a novel two-step route established by
Dirba et al [23]. First, commercial γ-Fe2O3 nanoparticles with
an average particle size of 20–40 nm were reduced to α-Fe in
high-pressure hydrogen [68]. In the second step, the resulting
α-Fe nanoparticles were nitrogenated in an ammonia flow to
produce the iron nitride.

Monodisperse ε-Fe3N nanoparticles were synthesized via
the wet-chemical procedure described by Hijikata et al
[69]. In short, Fe(CO)5 was thermally decomposed in a
three-neck round-bottom flask filled with kerosene as an
inert high-boiling solvent and a mixture of succinicimide
and oleylamine as a surfactant. Ammonia gas was passed
through the carrier reaction mixture, which was continuously
stirred with a magnetic stirrer. The obtained nanoparticles
were washed by petroleum ether/ethanol mixtures, dried and
dispersed in hexane for heating rate measurements.

Magnetic measurements were performed at room
temperature by using the vibrating sample magnetometer
(VSM) (7400 Series, Lake Shore) and a Quantum Design
Physical Property Measurement System with a VSM option.
Powder diffractometer STOE Stadi P (Mo Kα1-radiation,
λ = 0.70930 Å) was used for collecting x-ray diffraction
(XRD) data. Transmission electron microscopy (TEM) was
done with a FEI CM20 ST microscope operated at an accel-
eration voltage of 200 kV. The samples were drop-cast onto
carbon-coated copper grids. An alternating current (AC) mag-
netic field applicator (DM100 series, nB nanoScale Biomag-
netics) with a vacuum-insulated calorimeter and an optical
fiber temperature probe (see schematic in the supplementary
material) immersed in the middle of the dispersions in hexane
was used for the heating rate measurements in AMF with an
amplitude ofH = 19.9 kAm−1 and frequency of f = 402 kHz.

The 57Fe Mössbauer spectra were collected in transmission
geometry using a constant-acceleration spectrometer equipped
with a 57Co/Rh source. The spectra of powdered samples
sealed in glass ampules and samples mixed with tabletting
wax and pressed into pellets in a nitrogen atmosphere provided
practically identical relative intensities of individual com-
ponents in the spectra. Therefore, only the spectra of pel-
lets, which have a higher signal-to-noise ratio, are presented
and discussed below. The calibration of the spectrometer and
determination of isomer shifts were performed with respect
to a room-temperature Mössbauer spectrum of an α-Fe foil.
The spectra were acquired at room temperature and 4.2 K, the
in-field spectra were measured at 4.2 K in the magnetic field
of 4.775 MA m−1 oriented perpendicularly to the direction of
the γ-rays. The spectra were evaluated by using the current
version of the Confit® [70] program. The room-temperature
Mössbauer spectra contain a small doublet component denoted
as D, which originates from the experimental setup, namely
the Fe impurity in the Al foil of the detector.

The intrinsic or applied magnetic fields acting on the 57Fe
nucleus split its Mössbauer spectrum into a sextet. The ratio
of intensities Ii of lines i in the sextet depends on the angle
θm between the direction of the effective magnetic field at the
nucleus and the propagation direction of the γ-rays as [71]

I1,6 : I2,5 : I3,4 = 3 : bS : 1, bS = 4sinθm/
(
1+ cos2θm

)
. (3)

The value bS = 2 of the fitted sextet corresponds to a ran-
dom orientation of the magnetic moments of the Fe atoms in
the powder sample. Further, in the first-order approximation,
the quadrupole shift QS depends on the polar θ and azimuthal
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Figure 4. (a) XRD patterns of the initial α-Fe, partially nitrided α-Fe/α′′-Fe16N2 sample and fully nitrided α′′-Fe16N2 nanoparticles.
(b) Bright-field TEM image of the final α′′-Fe16N2 product.

φ angles between the principal axis of the electrc field gradient
(EFG) tensor and the direction of the hyperfine magnetic field
Bhf [72] as:

QS=1/4eQVzz
(
3cos2θ− 1+ ηsin2θcos2φ

)
, (4)

where e is the electron charge, Q is the quadrupole moment of
57Fe nuclei in the excited state with spin I = 3/2, Vzz is the
main component of the EFG tensor and η is the asymmetry
parameter.

4.2. Experimental results

4.2.1. α′′-Fe16N2 nanoparticles. Since there has been con-
troversy about the magnetic properties and stability of the
α′′-Fe16N2 phase, we combined XRD measurements with
detailed Mössbauer spectroscopy investigations to shed more
light on the phase purity and possible oxidation of the syn-
thesized samples that would alter their magnetic properties
and thus the MFH heating performance. We examined three
samples at different process stages, the corresponding XRD
patterns are shown in figure 4. The initial hydrogen-reduced
nanoparticles (bottom) show onlyα-Fe diffraction peaks (PDF
card No.: 00-006-0696). The intermediate partially nitrided
sample (middle) shows a mixture of α-Fe/α′′-Fe16N2. The
fully nitrided sample (top) shows diffraction lines only of the
α′′-Fe16N2 phase (PDF card No.: 01-078-1865). The aver-
age particle size of the nitrided samples is 47 nm ± 5 nm
according to TEM analysis (see illustrative micrograph in
figure 4(b)).

However, the analysis of XRD data might not precisely
reveal the phase fractions due to amorphization, which might
have resulted from the hydrogen absorption-desorption pro-
cesses as well as low-temperature nitriding. Therefore, 57Fe

Mössbauer spectroscopy was crucial for the analysis since this
method using 57Fe nuclei as local probes in the material does
not require long-range order.

The 57Fe Mössbauer spectra of α-Fe nanoparticles depic-
ted in figures 5(a)–(c) indicate that the core of the nano-
particles formed by α-Fe [73] (relative area in the spec-
trum A = 83(1) %) was surrounded by an oxidized layer
(A = 16(1) %), which undergoes superparamagnetic (SP)
relaxation at room temperature (M-SP component) with a fre-
quency comparable to the Mössbauer time scale of ∼10−7 s.
By assuming the identical Lamb-Mössbauer factors in all Fe
positions, the relative areas of individual components roughly
correspond to the relative number of Fe atoms in the respective
sites.

Due to the detection of localized divalent iron in octa-
hedral positions (isomer shift δ ∼ 1.1 mm s−1) [74] in
the sample at liquid helium temperature, we conclude that
the oxide phase in the shell is nonstoichiometric mag-
netite (Fe3+)[Fe2+1-3δFe3+1+2δ□δ]O3, where □ dex an iron
vacancy, () tetrahedral and [] octahedral sites of the spinel
structure. When the external magnetic field was applied, the
effective magnetic field on the 57Fe nuclei Beff = | Bext + Bhf |
of the α-Fe decreased from 34 T (Bext = 0 T) to 28.4 T
(Bext = 6 T) because the hyperfine magnetic field at the nuc-
leus is antiparallel to the direction of the magnetic moment of
the iron atom. At the same time, the line intensity ratio 3:4:1,
see equation (3), suggests that the Femagnetic moments (mag-
netic moments of 57Fe nuclei) in α-Fe nanoparticles were ori-
ented parallel (antiparallel) to the applied field. In contrast,
the line intensity ratio 3:2:1 in sextets of the oxide phase
indicates that the Fe magnetic moments in the shell are not
oriented in the direction of the external field and probably
compensate for the dipolar magnetic field produced by the α-
Fe cores. In the external field, the effective field on the 57Fe
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Figure 5. The 57Fe Mössbauer spectra at room temperature (upper row), and at liquid helium temperature at zero field (middle) and at an
applied field of 6 T (bottom) of: (a)–(c) initial α-Fe, (d)–(f) partially nitrided α-Fe/α′′-Fe16N2 and (g)–(i) fully nitrided α′′-Fe16N2

nanoparticles. The components labelled by N denote Fe sites of α′′-Fe16N2, by M the Fe2+ and Fe3+ sites of nonstoichiometric magnetite,
by AmFe a mostly amorphous phase of Fe possibly doped with nitrogen/oxygen, and by D the Fe impurity in the Al-foil of the Mössbauer
detector. The legends of the two nitrided samples are identical.

nuclei in the tetrahedral sites of magnetite (sextet M-(Fe3+))
increases and in the octahedral sites (sextets M-[Fe3+]1,2 and
M-[Fe2+]1,2) decreases, due to the ferrimagnetic ordering of
the Fe moments. The hyperfine parameters along with other
parameters of the fits are summarized in table S1 in the
supplementary material.

The 57Fe Mössbauer spectra of the intermediate product
α-Fe/α′′-Fe16N2 below the Curie temperature TC, depicted
in figures 5(d)–(f), were fitted with the same components as
the final product α′′-Fe16N2, which will be described below
in more detail. Briefly, the sample consisted of α′′-Fe16N2

(45%), α-Fe presumably in the core of the particles (26%),
magnetite in the shell of the particles (18%), and the remain-
ing 11% is attributed to a disordered phase of iron, presum-
ably containing nitrogen or oxygen. The fitted parameters are
provided in table S2 in the supplementary material.

Similarly to the α-Fe/α′′-Fe16N2 intermediate, the 57Fe
Mössbauer spectra of the final product α′′-Fe16N2 under the
Curie temperature TC show that the sample is composed of
four distinct phases (see spectra in figures 5(g)–(i) and para-
meters of the fit in table S3 in the supplementary material).

First, the targeted α′′-Fe16N2 phase contributes to the spec-
tra with three sextets (‘N’) corresponding to the three inequi-
valent Fe positions in the α′′-Fe16N2 tetragonal structure: 4 d,
8 h, and 4e [75]. The ratio of their respective areas was fixed in
the fitting procedure to the ideal ratio 1:2:1, the total content

of the nitride phase was 61%. The hyperfine field of the N-
4 d, N-8 h, and N-4e components at liquid helium temper-
ature, Bhf = 42.3(2), 32.8(2), and 30.6(2) T, respectively,
decreased only by 1-2 T compared to room temperature. In
the applied field, the magnetic moments of Fe in all three
sites were oriented to the direction of the field, as indicated
by the line intensity ratio 3:4:1 of the respective sextets (see
equation (3)). Moreover, their quadrupole shifts were aver-
aged over the entire spatial angle to zero in the in-field spec-
trum because of the random orientation of the grains in the
powdered sample, i.e. the random angle between the principal
axis of the EFG tensor and the direction of the Fe magnetic
moments (magnetic moments of 57Fe nuclei) in the external
field (see equation (4)).

The second phase is α-Fe probably remaining in the core
of the nanoparticles (12%). Again, the nanoparticles con-
tain an oxidized surface layer composed of nonstoichiometric
magnetite [74, 76] (22%), possibly dopedwith nitrogen, which
is partially superparamagnetic at room temperature (sextet
M-SP). The nanoparticles thus possess the core—double-shell
structure. The last phase (5%) contributes with a very broad
sextet AmFe even at liquid helium temperature at which we
do not expect any persisting superparamagnetic relaxation.
This sextet with a broad distribution of hyperfine fields and
<Beff> ∼ 20 T was ascribed to a poorly crystallized phase of
iron, probably containing nitrogen, eventually oxygen.
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Figure 6. Room temperature VSM M(H) loops for the α′′-Fe16N2 and γ-Fe2O3 nanoparticles.

To conclude, Mössbauer spectroscopy is more accurate for
the estimation of α′′-Fe16N2 phase fraction. The presence of
an oxide phase, the nonstoichiometric magnetite in this case,
reduces the magnetization of the nanoparticles and thus in
addition to N site ordering [61] could be an explanation for the
differing values reported in the literature [23, 44]. Whether the
observed oxide is remaining from the hydrogen reduction step
[68] or originates from the sample oxidation during handling
and measurement, remains an open question.

Magnetic properties and MFH heating performance of
the prepared α′′-Fe16N2 nanoparticles with the average
particle size around 50 nm were compared to the precursor
γ-Fe2O3. More details on the synthesis and morphology
of the nanoparticles used here can be found in [23, 68].
VSM room temperature hysteresis loops are shown in figure 6.
As expected according to table 1, the nitride phase shows
significantly higher saturation magnetization in the applied
magnetic field of 1500 kA m−1 (figure 6(a)). However, much
smaller magnetic fields are available for the MFH, there-
fore supplemental measurements with an applied field of only
19.9 kAm−1 were conducted (figure 6(b)). Under these condi-
tions the situation is reversed; γ-Fe2O3 nanoparticles demon-
strate substantially higher magnetization and a larger area
enclosed by their hysteresis loop, whereasα′′-Fe16N2 particles
provide only minor loops.

MFH heating rate measurements were conducted on nan-
oparticle dispersions in hexane with the concentration of
2 mg ml−1. The results are shown in figure 7, according
to which the iron oxide significantly outperforms the nitride
under the given conditions. This comparison demonstrates that
the saturation magnetization values presented in table 1 alone
are not suitable for predicting the heating performance.

Due to the high anisotropy of the α′′-Fe16N2 phase and low
initial susceptibility, the rather small fields available in MFH
result in a narrow minor loop of a negligible enclosed area
and thus low power losses. If magnetic properties ought to be
used for the comparison of different materials, they have to be
measured in magnetic fields relevant to MFH. Moreover, only
direct current (DC) loops have been considered here although

Figure 7. Heating rate measurements for the initial γ-Fe2O3 and the
fully nitrided α′′-Fe16N2 nanoparticles suspensions in hexane.
Concentration was 2 mg ml−1. The applied AMF amplitude was
19.9 kA m−1 and frequency 402 kHz. The inset shows the
Box-Lucas fit used to obtain (dT/dt)maxand the corresponding SLP
value.

the influence of frequency also plays a significant role and can
be assessed by measuring AC hysteresis loops [77].

4.2.2. ε-Fe3N nanoparticles. XRD and TEM characteriz-
ations of the ε-Fe3N nanoparticles are provided in figure 8.
XRD and selected area electron diffraction patterns depicted
in figure 8(a) prove that the sample consists of the single-
phase but poorly crystalline ε-Fe3N with no signature of iron
oxides admixtures. Bright-field TEM image in figure 8(b)
shows that the nanoparticles are monodisperse, exhibit roun-
ded near-spherical shapes with a narrow size distribution and
an average particle size of 12.7 nm ± 1.2 nm.

According to TEM analysis the particles exhibit core–shell
structure, whose outer regions are less electron-dense than the

8
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Figure 8. (a) XRD and SAED with the theoretical ring revelation patterns and (b) a bright-field TEM image of ε-Fe3N nanoparticles.

Figure 9. Room-temperature VSM M(H) loops for the ε-Fe3N and Fe2O3/Fe3O4 nanoparticles in different applied magnetic fields.

core, which can be probably explained in terms of partial sur-
face oxidation. Actually, partial surface oxidation during the
sample preparation cannot be ruled out as has been reported
previously for larger α′′-Fe16N2 nanoparticles [23].

VSM room temperature hysteresis loops of ε-Fe3N nan-
oparticles and comparable Fe2O3/Fe3O4 (prepared via the
same route with comparable particle size and morphology;
see figure S1 in the supplementary material) and the ε-Fe3N
phase nanoparticles are shown in figure 9. Similarly to α′′-
Fe16N2, the ε-Fe3N phase shows in the applied field of
H = 1500 kA m−1 significantly higher magnetization than the
oxide, 120 A m2 kg−1 versus 28 A m2 kg−1 respectively. The
values are lower than the bulk ones largely due to presence
of residual diamagnetic surfactants (complete removal diffi-
cult) and surface effects. In contrast to α′′-Fe16N2, the ε-Fe3N
shows soft magnetic behavior with narrow hysteresis, very low
coercivity of Hc = 4.8 kA m−1 and high initial susceptibility.
This results in much higher magnetization also in low applied

fields as shown in figure 9(b). AtH= 23.9 kAm−1, the ε-Fe3N
phase has a magnetization of 42 Am2 kg−1 whereas the iron
oxide sample shows only 15 Am2 kg−1. Thus, larger power
losses are expected in the former case.

MFH heating rate measurements were conducted on nan-
oparticle dispersions in hexane with the concentration of
2 mg ml−1. The results are shown in figure 10. The step-
like curve of the nitride sample in the beginning is caused
by the rapid heating rate that exceeds the too-low signal
processing rate for temperature readings of the experimental
device. In agreement with the magnetization measurements,
the ε-Fe3N nanoparticles significantly outperform comparable
iron oxide nanoparticles, reaching SLP of 540 ± 54 W g−1.
Actually, temperatures above 60 ◦C are reached within less
than two minutes. These first results are promising and illus-
trate that materials with higher magnetization than the con-
ventional iron oxides, indeed, can be potential candidates for
MFH.
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Figure 10. Heating rate measurements for the ε-Fe3N and
Fe2O3/Fe3O4 nanoparticles suspensions in hexane with the
concentration of 2 mg ml−1. The applied AMF amplitude was
19.9 kA m−1 and frequency 402 kHz. The inset shows the
Box-Lucas fit used to obtain (dT/dt)max and the corresponding SLP
value.

Further detailed SLP studies in dependence on applied
magnetic field parameters as well as studies on the chemical
stability of ε-Fe3Nnanoparticles in the biological environment
are ongoing.

5. Summary

In this work, we have numerically calculated the maximum
power dissipation due to relaxation losses in superparamag-
netic nanoparticles by using an in-house developed frame-
work based on Python JupyterLab. Several alternative mater-
ials, such as iron-nitrogen (Fe-N), iron-boron (Fe-B), and
iron-carbon (Fe-C) systems that, based on their magnetic
properties, have the potential to deliver an enhanced heating
power for magnetic fluid hyperthermia, were analyzed and
compared to the conventionally used iron oxides, Fe2O3 and
Fe3O4.

The main conclusion is that, a material with high magnet-
ization but low anisotropy to achieve large peak SLP particle
size provides the best combination. The results show a sharp
maximum in SLP for each material whose position depends
inversely on the corresponding anisotropy constant and shifts
to a larger particle size with lower K. Moreover, the lower the
anisotropy constant, the broader the peak in the size depend-
ence of SLP, and thus larger polydispersity can be tolerated,
which is important when considering the limits of the size
and shape control of the synthesis. This opens the door for
a materials science approach where the target composition
of the particular material is rationally designed to optimize
the intrinsic magnetic properties towards maximizing SLP in
magnetic fluid hyperthermia. Interestingly, and perhaps unex-
pectedly, Fe2O3 and Fe3O4 phases demonstrate superior SLP

compared to various iron nitride, carbide and boride phases
despite their much lower magnetization. The reason lies in
the position of their SLP maximum, which is located at larger
particle sizes and thereby increases the heating power.

We have also conducted preliminary experimental case
studies to test theMFH heating performance for proposed nan-
oparticles with higher magnetization. Iron nitride α′′-Fe16N2

and ε-Fe3N nanoparticles were compared with iron oxides of
similar particle sizes. The results show that high anisotropy
of the α′′-Fe16N2 phase is detrimental and results in low ini-
tial susceptibility with narrow minor loops with a negligible
enclosed area, and thus low power losses in magnetic fields
employed for MFH. In contrast, the ε-Fe3N phase with much
lower anisotropy shows very promising heating performance
with SLP of 540 ± 54 W g−1 and will be studied further,
including also the γ̀ -Fe4N phase. In addition, other biomed-
ical applications where enhanced magnetization is beneficial
for performance, such as magnetic separation, drug and gene
delivery, magnetic resonance imaging or magnetic particle
imaging should be considered.
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