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Magnetically “Programming” Cobalt-Doped Iron Oxide
Nanoparticles for Localized Induction Heating:
Triggering a Collective Effect of Magnetic Moment
Alignment on Demand

Theodor Raczka, Leoni Luthardt, Stephan Müssig, Noah Kent, Qianqian Lan,
Thibaud Denneulin, Rafal E. Dunin-Borkowski, and Karl Mandel*

Induction heating, a contactless and efficient method for generating heat via
alternating magnetic fields (AMFs), has evolved from simple thermal
applications to precise process control in fields like catalysis, self-healing, and
debonding. Magnetic nanoparticles (NPs) play a key role as heat mediators,
with heating properties adjustable via composition, size, and interactions.
However, spatially precise heat control remains challenging. Current
strategies rely on external AMF adjustments or material modifications, but
lack an inherent mechanism to predefine which particles or regions will be
activated for induction heating, limiting applicability in structured materials or
complex environments. Here, it is shown that pre-magnetizing cobalt-doped
iron oxide NPs with a static magnetic field irreversibly enhances their heating
rates by up to a factor of 40. This process permanently alters their magnetic
properties, enabling selective heating independent of AMF modulation. The
extent of activation scales with cobalt content, introducing a material-intrinsic
thermal switch. Furthermore, assembling these NPs into supraparticles
facilitates integration into functional materials. By enabling spatially resolved
and selective heat generation, this strategy advances the control of induction
heating at the material level. It opens new possibilities for on-demand,
pre-programmable, spatially resolved thermal activation in composite
materials, smart adhesives, and targeted energy delivery in complex systems.
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1. Introduction

Induction heating, that is the application
of an alternating magnetic field (AMF) to
a magnetic sample that is stimulated to
generate heat,[1] has manifested itself as
a fast and contactless method for heating
in various applications, although energy ef-
ficiency in colloidal systems may be re-
duced by impedance mismatch and other
losses.[2] However, recently, the trend of us-
ing induction heating is advancing to ap-
plications that go beyond the mere heat-
ing up of samples, but rather focus on the
active control of processes, for example,
debonding on demand,[3] catalysis,[4,5] self-
healing and curing,[6] or the activation of
chemical reactions.[7] Especially the use of
nanoparticles (NPs) as effective heat medi-
ators in induction heating has become very
attractive,[8,9] in particular because of their
exceptional spatial resolution that enables
usage in locally precise scenarios.[5,10] More-
over, due to their small size, they can eas-
ily be integrated into various host matri-
ces, thus allowing the transition of their
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particle-based induction heating properties to use cases on an
application-oriented scale.[11,12] By the targeted manipulation of
the size,[13–15] morphology,[9,16] or composition of NPs,[9,15,16] as
well as their interactions with other species,[17] it is possible to
tune their response to an applied AMF in terms of their max-
imum induction heating temperature or exerted heating rate.
At the same time, the induction heating performance of NPs
can also be customized externally by specifically adjusting the
AMF in frequency,[18] amplitude,[15,19] or duration.[20] However,
in some cases, it is desirable to heat only specific NPs or lo-
calized regions. For example, in microfluidic systems, localized
heating of NPs could enable precise control over biochemical
reactions or phase transitions in targeted regions.[21] Similarly,
in smart adhesive applications, the ability to selectively activate
induction heating in NPs for programmed debonding could al-
low for controlled disassembly or repair.[22] The ability to selec-
tively stimulate heating in certain NPs, particularly in a con-
trolled, ex postmanner, would provide an additional level of cus-
tomization, allowing for adaptable and precise thermal control
as needed in a given situation. This capability enhances the ver-
satility of the system, enabling on-demand heating in complex
environments.
Some approaches to activate induction heating by employ-

ing remote stimuli or influences have already been reported,[23]

including environmental temperature,[24] pH manipulation,[25]

mechanical triggers,[25] and combinations of magnetic samples
with light-triggered species.[26] However, all these stimuli come
with certain drawbacks, as chemical manipulation as well as ther-
mal and mechanical influences may change the overall sam-
ple composition, while light-triggered events are not feasible
when the NPs are integrated inside a matrix. To address these
limitations, we propose using a static magnetic field generated
by an external magnet as a trigger. The advantage of this ap-
proach is that the external trigger can be applied remotely and
locally, even when the NPs are already integrated into a ma-
trix. This allows the application of the magnetic field at any
stage of the NP processing or implementation. Additionally,
NPs with high coercivity can be made more responsive to the
AMF by magnetizing them, thus allowing induction heating
to higher temperatures and enhancing their utility in various
applications.[11,15]

In this work, the induction heating characteristics of iron oxide
NPs doped with different amounts of cobalt (Co) are enhanced
manifold by applying external magnetic fields before the induc-
tion heating procedure. With this proof-of-concept, knowledge
aboutmagnetic fieldmodulation in terms of field strength can be
exploited for spatially resolved or selective heating. Without prior
exposure to a static magnetic field, the heating efficiency and re-
sponse to an AMF of such NPs are deliberately low (Figure 1a).
However, when the NPs are first subjected to a static magnetic
field and subsequently to an AMF, their induction heating rates
can be elevated up to a factor of 40, while the maximum heating
temperature is increased up to 10-fold (Figure 1b). Hence, their
magnetic response can be controlled in two steps: on the one
hand, internally by the performed NP synthesis and the amount
of doping, and on the other hand, externally by applying a static
magnetic field. Therefore, targeted external pre-magnetization is
utilized as an active strategy to irreversibly enhance induction
heating with high spatial resolution in previously poorly excitable

magneticmaterials. The selective induction heating of differently
dopedNPs can bemade use of, asNPswith a lower Co doping dis-
play enhanced induction heating rates at lower AMFs after pre-
magnetization compared to higher dopedNPs (Figure 1c). There-
fore, the benefit of selective heating depending on the magneti-
zation status of the NPs and the applied AMF is underlined. Fur-
thermore, microparticles, so-called supraparticles (SPs), are syn-
thesized from Co-doped iron oxide NPs via spray-drying, to allow
their integration intomatrices in applied contexts, where they are
tested as actively triggerable switches in on-demand debonding
processes (Figure 1d).

2. Results and Discussion

2.1. Characterization of Co-doped Iron Oxide Nanoparticles

Formagnetic programming of NPs, Co-doped ferrimagnetic iron
oxide NPs (FIONs) have been prepared by a modified oxidative
precipitation method.[11,27] It is important to mention that no
magnetic field was present during the synthesis procedure to
avoid unwanted pre-magnetization. In this manner, six differ-
ently Co-doped NP species of the type CoxFe3-xO4 were synthe-
sized, with X ranging from 0.05 to 0.3 in steps of 0.05. The dopant
concentration is confirmed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements performed on
three exemplary samples (see Table S1, Supporting Information).
Transmission electron microscopy (TEM) images reveal that all
resulting NP types are roughly in the same size range with a
mean diameter of ≈40 ± 12 nm (Figure 2a, error describes the
mean standard deviation, for size distribution plots see Figure S1,
Supporting Information). Throughout all NP species, the result-
ing morphology is in a comparable octahedral shape as expected
for this synthesis process.[27] Increasing Co doping alters the NP
morphology, leading to an increase in spherical character.[28–30]

SEM-EDXdata reveals uniformCo distribution, shown exemplar-
ily for the lowest and highest doped samples on three individual
spots, respectively (Figure S2, Supporting Information).
X-ray diffraction (XRD) patterns recorded for all six species, re-

spectively, consistently reveal a magnetite/maghemite structure
(Figure 2b), indicated by characteristic reflexes (positions at 2Θ:
30.3°, 35.6°, 37.2°, 43.3°, 53.7°, 57.3°, 62.9°, 71.3°, 74.4°).[31] It is
notable that with increasing Co doping, the reflexes are shifted
to lower values of 2Θ, as described in literature (see Supporting
Information for a more detailed explanation).[29,30,32] Therefore,
the successful integration of Co into the magnetite structure is
demonstrated.[29]

With an increasing amount of Co doping in FIONs, it is
shown by vibrating samplemagnetometer (VSM)measurements
that the coercivity increases as well (Figure 2c). In this regard,
while the Co0.05Fe2.95O4 NPs only display a coercivity of 160 Oe,
the coercivity is enhanced almost seven-fold to 1080 Oe for
Co0.3Fe2.7O4. For all samples, the saturation magnetization stays
roughly the same at a value around 80 emu g−1 (see Figure S3,
Supporting Information for magnetization curves recorded from
−30 to 30 kOe). The exact values for coercivity as well as sat-
uration magnetization for every Co-doped FION sample are
displayed in Table S2 (Supporting Information). A comparison
with literature data for similarly sized CoXFe3-XO4 NPs further
confirms the high magnetic quality of the synthesized NPs
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Figure 1. Schematic representation of the working principle of magnetically programmable Co-doped iron oxide NPs. a) When the NPs are not mag-
netized, they produce limited heat upon exposure to an AMF from the induction heating device. b) When pre-magnetized by an external static magnet,
the NPs heat more efficiently upon exposure to an AMF. c) The response of the NPs to a given AMF amplitude is highly dependent on the level of
Co doping and AMF strength, allowing selective induction heating with various NP types. In this way, pre-magnetization and low AMF exposure excite
induction heating only in lower Co-doped NPs, while higher Co-doped iron oxide NPs require higher AMF amplitudes. d) This effect can be made of use
in application-based scenarios, where SPs integrated into a matrix material are locally magnetized and thus produce heat in a spatially resolved manner
when exposed to an AMF.

(see Discussion of data displayed in Table S2, Supporting
Information).
The phenomenon of increasing coercivity with an increasing

amount of Co doping in NPs is known in the literature.[29,32,33]

Doping NPs with Co enhances their magnetic anisotropy, caus-
ing their magnetic moments to align strongly in a certain direc-
tion. Therefore, the energy needed to rotate these magnetic mo-
ments out of their alignment direction is increased.[32] The mag-

netocrystalline anisotropy is magnified by increased Co doping,
as spin-orbit-coupling is enhanced by the incorporation of Co due
to three unpaired electrons.[34] Hence, the effective anisotropy
constant Keff is directly proportional to the observed coercivity, as
per Equation 1:[35]

Keff =
HcMs

0.96
(1)
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Figure 2. Structural and magnetic characterization of six different Co-doped FIONs of the type CoxFe3-xO4, with X ranging from 0.05 to 0.3. a) TEM
images of all six different Co dopings prepared for FIONs reveal a comparable size and morphology for all species. Scale bars represent 50 nm. b) XRD
patterns for all NP types indicate a magnetite/maghemite structure for all NP types. c) VSM curves for all NP species demonstrating an increasing
coercivity with an increasing amount of Co doping in FIONs. For clarity, initial curves are not depicted.

where HC´is the measured coercivity in Oe and MS is the sat-
uration magnetization in emu g−1. Following the increased co-
ercivity and anisotropy, Keff is magnified by a factor of approxi-
mately seven when the Co doping is increased from 0.05 to 0.3
(see Table S2, Supporting Information).

2.2. Induction Heating and Magnetic Behavior of Co-Doped Iron
Oxide Nanoparticles Before and After Magnetization

When all Co-doped FIONs species are exposed to an AMF with
an amplitude of 500 Oe, only the three species with the lowest
dopings (X ranging from 0.05 to 0.15) produce heat in their pris-
tine state. Co0.05Fe2.95O4 NPs are heated to high temperatures in-
stantly when exposed to an AMF, while those with X = 0.1 en-
hance their heating rate after 5 s and those with X = 0.15 only
after 12 s (Figure 3a-1). For the three NP species with higher dop-
ings, no significant induction heating is measurable. This behav-
ior is in accordance with hysteresis curves recorded for a static
field between −500 and 500 Oe to simulate the AMF in the in-
duction heating device (Figure 3a-2). Although such quasi-static
measurements do not fully replicate the dynamic conditions dur-
ing induction heating, they provide a useful approximation of the
NPs’ magnetic switching behavior and energy dissipation poten-

tial. It is known that dynamic losses under alternating magnetic
fields may differ inmagnitude, yet typically follow the same qual-
itative trends observed in static loops.[11,36] For X = 0.05, a fully
developed hysteresis loop is recorded, with a coercivity of 120 Oe
and a saturation magnetization of 34 emu g−1. For X = 0.1 and
0.15, coercivities of 20 and 15 Oe, respectively, are noted, with
corresponding saturation magnetizations of 12 and 9 emu g−1.
For NPs with higher dopings, no significant coercivity is mea-
surable, while the saturation magnetization remains low. The re-
duced coercivity observed despite higher Co doping levels is due
to incomplete magnetization of the NPs, which also hampers the
induction heating at the given amplitude of 500 Oe. The dimin-
ished magnetizability for higher Co-doped NPs is attributed to
their increased anisotropy, which leads to reduced magnetic sus-
ceptibility and an enhanced energy requirement to reverse their
magnetic orientation. This prevents the NPs from dynamically
aligning with the applied AMF, thereby reducing their induction
heating capability.[13]

However, the observed induction heating behavior of the Co-
doped NPs changes drastically once they are magnetized by a
static magnet with amagnetic field strength of≈4000 Oe. This ir-
reversible magnetization results in enhanced induction heating
performance at lower AMF strengths compared to the unmagne-
tized pristine state. It is important to mention that the improved
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Figure 3. Magnetic characterization of Co-doped FIONs before 1) and after 2) pre-magnetization with a static magnet in terms of induction heating
a) and static (DC) VSM b). For clarity, initial curves are not depicted. For all induction heating curves, a field amplitude of 500 Oe and an AMF frequency
of 1419 kHz were employed. While before pre-magnetization, induction heating to higher temperatures is only induced for lower Co dopings, all samples
are triggered to produce heat after exposure to a static magnet. When the individual samples are pre-magnetized to different values c), their maximum
magnetic moment is enhanced with increasing magnetization until it reaches a plateau. Here, it becomes apparent that the higher the Co doping in
FIONs is, the higher is the magnetic field that is required for pre-magnetization to reach full saturation, resulting in enhanced induction heating rates.
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Table 1. Hysteresis areas for VSM curves recorded between −500 and
500 Oe for unmagnetized and pre-magnetized states of Co-doped FIONs
of the type CoxFe3-xO4, given in A

2 m kg−1.

X= 0.05 0.10 0.15 0.20 0.25 0.30

Unmagnetized 11 471 1058 553 226 110 36

Pre-magnetized 8832 6798 4594 1728 1923 1667

induction heating is observed after pre-magnetization rather than
during application of the external magnetic field. In this manner,
the magnetized state can be programmed into the NPs and pre-
served indefinitely after one-time exposure to an external static
magnetic field, making enhanced induction heating rates feasi-
ble at any later point.
Doing so, even NPs doped with a higher amount of Co, mean-

ing X = 0.2 to 0.3, heat inductively, although no heating was
observed in the pristine state. Now, NPs with X = 0.2 are pro-
grammed to heat after 3 s, X = 0.25 after 9 s, and even X = 0.3
after 25 s, while NPs doped with lower amounts of Co heat al-
most instantly (Figure 3a-2). This performance is also valid when
considering the induction heating curves for smaller field am-
plitudes, for example 250 Oe (see Figure S4, Supporting Infor-
mation), and is further visualized by comparing the induction
heating curves of all respective Co-doped species before and af-
ter magnetization at different field amplitudes (see Figure S5,
Supporting Information). This improved induction heating be-
havior is reflected in VSM data recorded after pre-magnetization,
now revealing increased coercivity and hysteresis area for all NP
species (Figure 3b-2, for detailed values of the coercivity and
saturation magnetization measured before and after magneti-
zation in the minor VSM curves see Table S3, Supporting In-
formation). Except for the lowest Co doping (X = 0.05), pre-
magnetization enhances magnetizability by reducing the mini-
mum field required for substantial heat production, improving
overall induction heating performance. This is further supported
when considering the direct comparison of VSM curves (−500–
500 Oe) before and after magnetization with 4000 Oe, revealing
an increased hysteresis area and corresponding induction heat-
ing enhancement (Table 1 and see Figure S6, Supporting Infor-
mation for comparison of VSM curves and plots of the hysteresis
area with discussion of the values for X = 0.05).[13,19,37] Hence,
prior magnetization of Co-doped FIONs acts as a magnetic on-
switch for induction heating, especially when considering higher
Co dopings. The energy input for every Co-doped FION species
at the maximum AMF amplitude was calculated in Oe s−1 K−1

and displayed in the Supporting Information (Table S4, Sup-
porting Information). The benefit of pre-magnetization be-
comes obvious when comparing the mean energy input of
1.26 Oe s−1K−1 for pre-magnetized NPs with 183 Oe s−1K−1 for
pristine NPs.
The calculated hysteresis areas from the static loops (−500 to

500 Oe) clearly illustrate the changes in magnetic energy dissipa-
tion caused by pre-magnetization. The pronounced increase in
loop area for Co contents X ≥ 0.1 correlates well with the im-
proved heating performance. As the hysteresis area reflects the
energy lost per magnetic cycle, this parameter provides a direct
link between magnetic and thermal behavior under alternating
magnetic fields.

While these measurements were performed under static field
conditions, they already allow qualitative predictions for the dy-
namic heating behavior. To further support this interpretation
and account for frequency-dependent effects, additional dynamic
hysteresis loops were recorded at 1000 Hz (see Figure S7 and
Table S5, Supporting Information). These loops confirm the
trend observed in the DC curves: NPs with low Co doping ex-
hibit significant loop opening, while those with higher doping re-
main nearly lossless unless pre-magnetized. However, such qual-
itative comparisons between static and dynamic hysteresis be-
havior may not be valid for superparamagnetic or very small fer-
rimagnetic NPs with narrow loops, where heating mechanisms
can differ significantly.[38]

We hypothesize that the observed programmable enhance-
ment of induction heating in Co-doped FIONs under varying
AMF amplitudes arises primarily from differences in magnetic
coercivity among the samples. Coercivity, which determines how
easily magnetic moments can be reversed by an external field,
decreases as the NPs heat up. This temperature-dependent coer-
civity reduction is demonstrated in the Supporting Information
for temperatures between 275 and 400 K (Figure S8, Support-
ing Information) and is consistent with findings in other induc-
tively heatable NP systems.[15] When the coercivity drops below
the amplitude of the applied AMF (500 Oe), magnetic switch-
ing becomes energetically favorable, allowing the NPs to dissi-
pate energy effectively and heat up. This heating continues un-
til the particles approach their Curie temperature, which lies be-
tween 570 and 600 °C for all samples, as confirmed by thermo-
gravimetric analysis (TGA) (Figure S9, Supporting Information).
We observe that samples with higher Co doping exhibit slightly
lower Curie temperatures, resulting in moderately reduced max-
imum heating temperatures for these samples. The initial coer-
civity, controlled by the level of Co doping, governs the onset of
heating behavior. Samples with low initial coercivity are imme-
diately responsive to the applied AMF, generating heat from the
start. In contrast, samples with higher initial coercivity require an
increase in temperature (and thus a reduction in coercivity) be-
fore significant heating begins. This explains the delayed heating
rates observed in some samples. The exact values for the coerciv-
ity measured for all Co-doped samples at different temperatures
are displayed in the Table S6 (Supporting Information). It is fur-
ther shown in comparison with undoped as well as Ni- and Mn-
doped species in the Supporting Information that the sufficiently
large coercivity of Co-doped FIONs is the crucial factor for the
programmable switching upon pre-magnetization (Figure S10,
Supporting Information). In all other cases, induction heating is
activated independently of magnetic programming.
This temperature-dependent behavior is linked to overcom-

ing the magnetocrystalline anisotropy barrier. The effective
anisotropy constant decreases with increasing temperature for all
samples (for exact values, see Table S7, Supporting Information),
effectively lowering the energy barrier for magnetic moment re-
orientation. Literature confirms that the effective magnetocrys-
talline anisotropy diminishes as temperature rises, facilitating
magnetic switching beyond a critical thermal threshold.[39,40]

This mechanism offers a compelling explanation for the two-
step heating behavior observed for the X = 0.3 sample in
Figure 3a-2. Initially, the temperature increases only slowly, re-
flecting a regime in which few magnetic moments contribute to
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hysteretic switching. Once the system reaches ≈150 °C, a sharp
increase in heating rate up to ≈500 °C is observed, likely due to
cooperative switching of a larger number of moments. We inter-
pret this behavior as resulting from the altered anisotropy land-
scape following pre-magnetization, which enables more efficient
energy dissipation under the AMF beyond this threshold. This
two-step behavior is reproducible across different samples and
experimental conditions, as seen in Figures S4, S5, S14 (Support-
ing Information). Despite differences in Co doping andmagnetic
anisotropy, all samples exhibit a similar heating threshold around
150 °C. This temperature likely represents a critical thermal acti-
vation point at which magnetic relaxation accelerates and energy
barriers associated with anisotropy are overcome, enabling more
efficient magnetization switching and dynamic energy dissipa-
tion under AMF exposure.[23,40,41]

High-temperature static VSMmeasurements at 150 °C as well
as at 500 °C for the fully heated state (Figure S11, Supporting
Information, exemplary for CoxFe3-xO4 with X = 0.05 and 0.3)
confirm this interpretation: both saturation magnetization and
coercivity decrease with temperature, facilitating magnetic mo-
ment alignment with the AMF and indicating successful over-
coming of the effective thermal anisotropy barrier. Finally, it is
worth noting that annealing the Co-doped FIONs at their Curie
temperature can alter the effective anisotropy barrier and effec-
tively “turn off” the magnetically switchable induction heating
properties. This phenomenon is discussed in detail in the Sup-
porting Information (see also Table S8 and Figure S12, Sup-
porting Information). Please also refer to the Supporting Infor-
mation for evaluation of the durability of the heating behavior
over multiple induction heating cycles (Figure S13, Supporting
Information).
Additionally, it has been investigated which magnetic field is

needed for the individual Co-doped NPs to be programmed to
achieve their maximum induction heating performance, or in
other words, to be magnetized to saturation. For this purpose,
hysteresis curves between−500 and 500Oe (to simulate the AMF
of the induction heating device) have been recorded after re-
spective pre-magnetization steps between 500 and 5000 Oe. Do-
ing so, it has been evaluated which static field strength for pre-
magnetization is necessary so that the highest measured mag-
neticmoment does not change anymore, and the plot of this value
against the pre-magnetization value reaches a plateau (Figure 3c).
The resulting trend revealed that with higher amounts of Co
doping, higher static magnetization fields are required to reach
saturation. All species were magnetically saturated with a pre-
magnetization of 2700 Oe or less, which renders the chosen
value of 4000 Oe here sufficient. This is following induction
heating curves obtained from Co0.3Fe2.7O4 NPs after different
pre-magnetization values, where improved induction heating is
prompted after a minimum prior magnetization with 2500 Oe
(see Figure S14, Supporting Information). Co0.05Fe2.95O4 NPs
reach their plateau at the lowest value of a static field with
≈1100 Oe. However, at a pre-magnetization value of 500 Oe,
they are already close to magnetic saturation, therefore already
allowing induction heating in their pristine state. For the other
species it is observed that the lower the Co doping is, the
higher the magnetic moment that is reached at fixed respective
pre-magnetization values (e.g., in the presented setup, a mag-
netic moment higher than 25 emu g−1 is reached with a pre-

magnetization of 500 Oe for X = 0.05, 1100 Oe for X = 0.1,
1300 Oe for X = 0.15, 1500 Oe for X = 0.2, 2000 Oe for X = 0.25,
and 2200 Oe for X = 0.3). The corresponding hysteresis curves
measured between −500 and 500 Oe for every Co-doped species
are following these findings, showing that with lower Co doping,
less pre-magnetization strength is needed to achieve a hystere-
sis loop that remains unchanged with higher pre-magnetization
values (see Figure S15, Supporting Information, with additional
discussion of the form of VSM curves).

2.3. Mechanism of the Magnetically Switchable Induction
Heating Performance

Wehypothesize that the ability tomodulate the induction heating
behavior of Co-doped FIONs is attributed to the pre-alignment
of magnetic domains inside the NPs once they are exposed to an
external static magnetic field, as we exclude phenomena such as
field-induced chain formation due to the immobilized, powder-
like nature of our samples. Unlike colloidal systems or biolog-
ical matrices, where dipolar interactions can lead to reversible
self-assembly into linear chains under AMF exposure, our dry
and compacted particle ensembles do not permit such reorgani-
zation during heating experiments.[42] To investigate this effect
on the nanoscale, off-axis electron holography (OAEH) was em-
ployed (Figure 4). Here, NPs were exposed to external magnetic
fields of 0, 1000, 2000, and 3000 Oe, which were then removed
before imaging. It is important to emphasize that all images and
maps represent the remanent magnetic state, meaning the inter-
nal magnetic configuration after the external field was switched
off. The corresponding electrostatic phase, magnetic phase im-
ages, and magnetic induction maps were reconstructed from the
holograms and analyzed accordingly.
The experiment was carried out using Co0.3Fe2.7O4 NPs ar-

ranged along the direction of the external magnetic field, as
shown in the red arrow in Figure 4a (magnetic phase images
see Figure S16, Supporting Information). With the absence of
a magnetic field, the magnetic induction map reveals an intrin-
sic magnetic moment, likely resulting from a naturally preferred
orientation of magnetic moments, albeit in a non-uniform pre-
arranged state (Figure 4b-1). With the increase of the magnetic
field, the magnetic induction maps show that the magnetic mo-
ments within theNPs rearranged and progressively aligned along
the external field direction (Figure 4b-2). Although only discrete
field values were applied, the data suggests that magnetic satura-
tion is approached between 2000 and 3000 Oe (Figure 4b-3–b4).
This saturation correlates well with the minimummagnetic field
required to enhance the induction heating performance of these
NPs. Therefore, while an exact critical field for stable oriented
structures cannot be precisely determined from these measure-
ments due to the limited field increments, the observedmagnetic
response supports the macroscopic heating behavior. An analy-
sis of the lowest doped sample, Co0.05Fe2.95O4, reveals the same
phenomenon (see Figure S17a,b, Supporting Information). In-
terestingly, when the NPs were not aligned along the direction
of the applied field, magnetic moment alignment still occurred
along the NP chain direction, but highermagnetic field strengths
were necessary to achieve full alignment with the external field.
This likely results frommagnetization processes occurring along
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Figure 4. Projected in-plane induction (B-field) field distribution of Co0.3Fe2.7O4 NPs. a) The electrostatic phase image reveals the morphology and
arrangement of Co0.3Fe2.7O4 NPs. b)Magnetic contour images extracted frommagnetic phase images obtained via off-axis electron holography, recorded
in the remanent state after applying an external magnetizing field of 0 (1), 1000 (2), 2000 (3), and 3000 Oe (4), respectively. The applied field direction is
along the NP chain axis (indicated by the red arrow in a)). The color wheel indicates the direction of the projected magnetic induction, while the density
of the contour lines indicates the strength of the magnetic field. As the external field increases, the initially uniform magnetic moments of the Co-doped
FIONs progressively rearrange and tend to align along the direction of the applied field until approaching saturation. Scale bars correspond to 100 nm.

directions differing from the NPs’ easy axis (see Figure S17c,d,
Supporting Information).
Based on these findings, we created a scheme (Figure 5) to

visualize the mechanism of the attainment of an improved in-
duction heating performance in Co-doped FIONs after expo-
sure to an external magnetic field. An enhanced induction heat-
ing performance of magnetic NPs after pre-alignment has also
been reported elsewhere in the literature (for a more detailed
discussion, see Supporting Information).[43–46] In the NPs’ pris-
tine state, the magnetic moments inside their domains are ori-
ented non-uniformly, as in this state, no magnetic field was
present during their synthesis (Figure 5a-1). When the NPs are
pre-magnetized with a static magnet, the alignment of mag-
netic moments along the magnetization axis is induced due to
an external magnetic force acting on them (Figure 5a-2). Upon
removal of the static magnetic field, the magnetic alignment
within the NPs is retained due to the enhanced anisotropy in-
troduced by Co doping. This leads to a remanent magnetized
state that is distinct from the pristine configuration, owing to
the preferential orientation of the magnetic moments along the
easy axes (Figure 5a-3). We further hypothesize that the large
static magnetic field also “unsticks” frozen spins within the
NPs, a phenomenon similar to mechanisms exploited in spin
valves,[47] which contributes to an increase inmagnetic hysteresis

and consequently enhances energy dissipation during induction
heating.
The difference in the NP behavior in their pristine and mag-

netized state lies in the alignment of the NPs along the magneti-
zation axis of the external magnet. When no prior magnetization
occurs, the Co-doped FIONs act as individual small magnets with
no preferred direction of their magnetic moments (Figure 5b-1).
Hence, by application of an AMF during induction heating, the
magnetic field strength provided by the induction heating device
(500 Oe) is not sufficient to magnetize the samples and there-
fore align their magnetic moments. Hence, they do not act as an
ensemble, andmagnetization reversal is not possible. Instead, all
magnetic moments would need to align individually to follow the
applied field, which is not feasible in the provided time frame, re-
sulting in weak coupling (Figure 5c-1). On the other hand, if the
NPs are initially aligned by sufficiently strong external magneti-
zation, they do not behave individually, but rather as an ensem-
ble, or so to say, one larger magnetic entity (Figure 5b-2). This be-
comes apparent by taking the OAEHdata into account, where the
chain of investigated NPs behaves like a fused rod magnet once
the sample is magnetically saturated. In this state, all magnetic
moments are already pre-aligned, which enables the NPs to fol-
low an applied AMF on amuch faster time scale as the additional
factor of aligning magnetic moments of individual NPs falls

Adv. Mater. 2025, 37, e07158 e07158 (8 of 15) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Mechanism of the switchable induction heating behavior in Co-doped FIONs upon exposure to an external static magnetic field. In the pristine
state, the magnetic moments inside the NPs are randomly oriented a1), while pre-magnetization with a static magnet induces their orientation along
the magnetization axis a2). This pre-aligned state remains once the external magnetic field is removed a3). The difference between the pristine and
the magnetized NP state lies in the assumption that while without magnetization, the individual NPs are oriented randomly and behave like individual
magnets b1), the magnet-induced alignment in the magnetized state triggers their collective behavior as a larger magnetic unit b2). Therefore, in the
as-prepared state, heat generation is only limited due to insufficient coupling with an applied AMF c1), while in the magnetized state alignment is
induced on a faster scale, causing enhanced induction heating characteristics c2).

Adv. Mater. 2025, 37, e07158 e07158 (9 of 15) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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away. This results in strong coupling and higher temperatures
reached during the induction heating process (Figure 5c-2). Re-
markably, the NPs’ ability to behave as one unit is only triggered
by the external magnetic switch that has to be strong enough to
align all NPs to behave collectively. As OAEH data indicates, this
is only dependent on the position of the magnetized NPs to the
external applied field – if theNP’s easy axis is oriented in the same
direction as the external field, saturation is reached at lower field
strengths compared to a sample situated perpendicular to the ex-
ternal field.

2.4. Proof of Principle of Switchable Induction Heating in
Application-Oriented Debonding Scenarios

The enhanced induction heating performance by the alignment
of magnetic moments upon pre-magnetization is characterized
not only by its remote and quick character, but especially by
the possibility of local triggering. This could be beneficial in
use cases where specific items need to be activated for induc-
tion heating that are positioned close to others that should not
(yet) be switched on. Thus, local magnetic pre-programming be-
comes feasible when the spatially resolved nature of external pre-
magnetization is investigated. Note that while the NPs used in
powder form were pre-magnetized before being transferred to
the measurement setup, resulting in a random orientation of
their magnetic moments, the composites were uniformly mag-
netized with the static field applied perpendicular to their mea-
sured surface, leading to a well-defined and consistent alignment
of magnetic moments.
To explore this, a system is tested in which supraparticles

(SPs) of Co0.05Fe2.95O4 are incorporated into a polydimethylsilox-
ane (PDMS) matrix (30 wt%). For this, SPs are synthesized via
spray-drying, a process where the corresponding dispersion of
Co-doped FIONs is atomized by a nozzle and fed into a hot
chamber where the solvent is evaporated. In turn, the individual
NP building blocks are forced into micron-scaled assemblies, so-
called SPs (see Figure S18, Supporting Information).[48] Using
SPs instead of dried NP agglomerates for integration into ma-
trix environments offers significant advantages, as it effectively
prevents the formation of large agglomerates that could lead to
an uneven distribution within the matrix. By utilizing the spray-
drying process, a fine powder is produced while minimizing the
occurrence of larger clusters (see Figure S19, Supporting Infor-
mation for SEM of individual SPs as well as a comparison with
NP agglomerates).[11] Ensuring a uniform distribution of NPs is
critical, as uneven dispersal within thematrix can result in incon-
sistent induction heating performance. SEM images reveal indi-
vidual SPs incorporated into a PDMS environment that is further
confirmed by energy-dispersive X-ray (EDX) analysis, indicating
Fe and Co on the spots of SPs, while Si is only present in the
matrix, demonstrating the successful manufacturing of the com-
posite material (see Figure S20b,c, Supporting Information).
The composite material was positioned under a static magnet

(4 kOe), with a portion of the coating concealed by the magnet
while leaving the rest uncovered. Marks were made at 0.5 cm
intervals along the coating (Figure 6a-1, see Figure S20a, Sup-
porting Information for photo). The coating was then cut, and
temperature measurements were taken at each marked point us-

ing a pyrometer during induction heating, including the section
under the magnet (Figure 6a-2). The section under the magnet
reached the highest maximum heating temperature during in-
duction heating (62 °C after 60 s). At a distance of 0.5 cm, the
temperature was 53 °C, and beyond 1 cm, the temperature sta-
bilized at 32–33 °C, which underlines the local magnetization
of Co-doped FIONs in a surrounding environment below 1 cm.
This temperature gradient is further presented by tracking the
heat development during induction heating with a thermal imag-
ing camera (Figure 6a-3), where the part closest to the magnet
reaches the highest temperatures (corresponding video is avail-
able online, Video S1, Supporting Information).
The local nature of improved induction heating upon pre-

magnetization was further exploited in debonding on demand
scenarios, where debonding of a particle-containing matrix
should be triggered by specific external magnetization of a spe-
cific part before induction heating, which could be crucial in
real-world recycling scenarios. As a first example, a model sys-
temwas established in which Co0.1Fe2.9O4 SPs were incorporated
into a hot glue matrix (ethylene vinyl acetate copolymer, 20 wt%)
that was applied to attach two weighted plastic probes to a glass
slide (Figure 6b-1). SEM with EDX-analysis revealed the success-
ful incorporation of the corresponding SPs into the surround-
ing environment (Figure 6b-2,3; Figure S21a,b, Supporting Infor-
mation). To demonstrate debonding on demand, only one side
was pre-magnetized (marked with an M in the scheme and X
in the experiment; full video is accessible online, Video S2, Sup-
porting Information) and therefore programmed for enhanced
induction heating. When the sample is inductively heated with
an amplitude of 500 Oe, debonding occurs after ≈90 s specifi-
cally on the pre-magnetized side, while the unmagnetized part
remains attached (Figure 6b-4–6). Corresponding induction heat-
ing curves show the magnetized spot heating to 55 °C, whereas
the as-prepared part only heated to 35 °C (see Figure S21c, with
SEM images of the incorporated SPs in Figure S21d, Supporting
Information). This data indicates the successful improvement of
induction heating due to pre-magnetization in debonding on de-
mand scenarios.
Going one step further, debonding on demand on two adja-

cent spots can be extended to the targeted pre-programming of
several sites due to the possibility of applying a magnetic field lo-
cally. This could simulate debonding scenarios in more complex
multi-component systems. For this means, Co0.15Fe2.85O4 SPs
were integrated into a polyethylene glycol (PEG)matrix (20 wt%),
before four Al2O3 crucibles were filled with the composite and
attached in the heated state to a glass slide (Figure 6c-1). SEM
imaging revealed the successful integration of the correspond-
ing SPs into PEG (Figure 6c-2, see Figure S22a,b, Supporting
Information for EDX analysis). Subsequently, two spots were lo-
cally pre-programmed toward induction heating by applying a
static magnetic field. Upon applying an AMF of 500 Oe, the spe-
cific debonding of both pre-selected crucibles was performed in
≈1 min, while the unmagnetized crucibles remained conjoined
(Figure 6c-3-4, see full video accessible online, Video S3, Sup-
porting Information). Respective induction heating curves re-
vealed significantly higher temperatures of 60 °C achieved in
the pre-magnetized spots, leading to debonding, as opposed to
45 °C in the untreated sites (see Figure S22c,d, Supporting In-
formation with SEM images of the incorporated SPs). The high
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Figure 6. Local programming of induction heating in Co-doped FIONs and proof of principle of debonding on demand by induction heating. For all
induction heating experiments, a field amplitude of 500Oe and an AMF frequency of 1419 kHz were employed. a) Local pre-magnetization of a composite
of Co0.05Fe2.95O4 SPs incorporated into a PDMS matrix 1). The temperature during induction heating was measured at different distances to the static
magnet 2). The data revealed that heat production is only measurable at a distance up to 0.5 cm, indicating the local character of pre-magnetization that
is further supported by imaging the composite with a thermal camera 3). b) Selective debonding on demand demonstrated by attaching two weighted
plastic samples to a glass slide and magnetizing only one side (symbolized by M, 1). For this, a composite made of Co0.1Fe2.9O4 SPs incorporated into
hot glue is utilized 2, 3). The proof of principle was achieved by selectively debonding only the pre-magnetized part (marked with an X) during induction
heating, while the unmagnetized sample remained attached 4−6). Scale bars represent 1 cm. c) Programmable debonding demonstrated by attaching
four Al2O3 crucibles filled with a composite of Co0.15Fe2.85O4 SPs incorporated into PEG 2) onto a glass slide. By defined local pre-magnetization,
selected crucibles can be programmed toward induction heating 1). Doing so, the pre-programmed crucibles are debonded during induction heating in
≈1 min 3–4). Scale bars represent 1 cm.
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induction heating temperatures reached in the investigated time
frame, as compared to the other matrix materials, stem from
the higher thermal conductivity of the PEG environment. This
phenomenon is further discussed in the Supporting Information
(see also Figure S23, Supporting Information). The data shows
that not only local, but also selective programmable debonding
on demand of specifically only magnetized samples is possible
by applying the external pre-magnetization. Most importantly,
while all parts are exposed to the applied induction field, explic-
itly magnetized areas are fully responsive to it, resulting in en-
hanced heating rates. Therefore, even when an induction field
is not well resolved in an application-oriented scenario, a good
resolution can be achieved nonetheless, stemming from precise
pre-programming of incorporated particles. Both model systems
act as proof of principles toward debonding on demand, intro-
ducing a fast, locally resolved, variably applicable, and selective
possibility to optimize particle-based composites for real-life re-
cycling scenarios. While our current focus is on more techni-
cal implementations involving magnetic fields and frequencies
well above those typically allowed for biomedical applications, we
have shown that through Co doping, our NPs are highly tunable.
This tunability suggests that similar effects could be achieved at
lower magnetic field strengths and frequencies compatible with
biomedical safety limits.

3. Conclusion

In conclusion, we demonstrated the local programming of
Co-doped FIONs toward induction heating through specific
pre-magnetization. By synthesizing six samples of the type
CoXFe3-XO4 with Co dopings ranging from X = 0.05 to 0.3, we
established a clear relationship between the Co content and the
NPs’ magnetic properties. Higher Co doping increased the coer-
civity of the NP samples from 160 to 1080 Oe due to an enhanced
anisotropy. In their pristine state, only the three lowest-doped
FIONs effectively produced heat upon induction heating. How-
ever, pre-magnetization with a 4000 Oe static magnetic field al-
lows for programming all samples for enhanced induction heat-
ing and improves heat generation in those already triggered in
their unmagnetized state. In thismanner, an enhanced induction
heating performance is achieved without increasing the amount
of employed NPs. It was shown that the programmed enhanced
induction heating is induced at higher static magnetic field
strengths upon higher Co doping. The mechanism behind the
switch of the induction heating performance likely lies in the pre-
arrangement ofmagneticmoments inside the domains along the
external magnetization axis upon exposure to a static magnetic
field. This alignment remains once themagnet is removed, allow-
ing a faster response to an applied AMF and a stronger coupling
as opposed to the undirected state. The pre-magnetization and
therefore enhanced induction heating of Co-doped FIONs was
exploited in debonding on demand scenarios to achieve a proof
of principle. It was found that the pre-magnetization process of
particle-containing composites leads to a localized programming
for a later trigger by an AMF. This approach supports not only
specific and local debonding on demand in a two-component sys-
tem, but also pre-programmed debonding with more complex
set-ups.

The switchable induction heating properties of the presented
NPs, as well as their freely designable magnetic characteristics
in terms of the chosen Co doping highlight their potential for
advanced applications. As the magnetic alignment introduced
by pre-magnetization remains even after the external magnet is
removed, particle-based composites for industrial recycling pro-
cesses could be optimized where debonding has to be selectively
activated at the end of a product’s lifetime. Moreover, by careful
adaptation of the presented NPs, use cases could be steered to-
ward the remotely triggerable programming of induction heating
in biological tissues in the future, offering possibilities in appli-
cations like implant-based therapies.

4. Experimental Section
Materials and Reagents: Iron(II) sulfate heptahydrate (FeSO4·7 H2O,

99.5%) and potassium nitrate (KNO3, 99+%) were obtained from Acros
Organics. Potassium hydroxide (KOH, 90%, flakes) was received from
Carl Roth. Cobalt(II) sulfate heptahydrate (CoSO4·7 H2O, 99+%), man-
ganese(II) sulfate monohydrate (MnSO4·H2O, ≥98%), nickel(II) sul-
fate hexahydrate (NiSO4·6 H2O, ≥98%), and poly(ethylene gycol) (PEG,
MW ≈ 10 000) were bought from Sigma Aldrich. Hot glue (ethylene
vinyl acetate copolymer, hotmelt sticks) was received from Pattex. Vinyl-
terminated polydimethylsiloxane (PDMS, polymer VS 20 000, vinyl con-
tent 0.04 mmol g−1), PDMS with SiH groups in the polymer chain (cross-
linker 120, SiH content 1.10mmol∙g−1) and divinyl tetramethyl disiloxane-
platinum(0)-complex (catalyst 512 in TR50 silicon tenside, Pt content
0.2 wt%) were purchased from Evonik. All chemicals and reagents were
used without further purification. Water was deionized before usage.

Synthesis of Co-Doped FION NPs: Co-doped FIONs were synthesized
by an oxidative precipitation method formerly introduced by the group[27]

and subsequently modified by the addition of Co.[11] During the synthe-
sis, exposure to magnetic fields was prevented by using an overhead
stirrer and a heating mantle.[49] For the synthesis of Co0.3Fe2.7O4 NPs,
FeSO4·7 H2O (9.01 g, 32.4 mmol) and CoSO4·7 H2O (1.01 g, 3.60 mmol)
were dissolved in 1620 g of deionized H2O and brought to reflux while de-
gassing with nitrogen. In a separate beaker, KNO3 (25.48 g, 252.02 mmol)
and KOH (6.17 g, 109.96mmol) were dissolved in 180 g of deionized water
to form the precipitating agent while degassing with nitrogen and heating
to 60 °C. After reaching the required temperatures, the precipitating agent
was added to the reaction solution under a color change to dark brown.
The reaction mixture was left to boil for 5 h under reflux cooling and de-
gassing with nitrogen, creating a dark brown suspension. Afterward, the
mixture was allowed to cool down to room temperature, before the sed-
imented NPs were purified by centrifugation (3 × 8000 rpm for 2 min)
and redispersed in 100 mL of deionized water to create an aqueous dis-
persion of Co-doped FIONs. For other Co dopings, the molar ratios of
FeSO4·7 H2O and CoSO4·7 H2O were adjusted accordingly. For Ni and
Mn dopings, the molar ratio of X0.3Fe2.7O4 was maintained while the cor-
responding sulfate hydrate salts were used. For undoped species, ratios
were adjusted accordingly for Fe3O4. Pre-magnetization on selected NP
samples was performed post-synthesis with a static magnet (block mag-
net 50.8·50.8·25.4 mm, type: NdFeB, magnetization: N40, coating: Ni-Cu–
Ni, maximum operating temperature: 80 °C, adhesive force: 100 kg, mag-
netic field strength:≈4000Oe). Oven heating to the Curie temperature was
performed by treating respective dried NPs in a high-temperature muffle
furnace (Nabertherm 5/11 with B400/B410 controller) at 700 °C for 5 min.

Synthesis of Co-Doped FION SPs: SPs of Co-doped FIONs were fabri-
cated by spray-drying aqueous dispersions of the corresponding NPs us-
ing a laboratory-scale Büchi Labortechnik AG spray-dryer (B-290mini) con-
nected to a dehumidifier B-296. For all spray-drying procedures, the weight
concentration of the dispersions was maintained at 2.7 wt% and adapted
as required using deionized H2O. All runs were conducted using identical
technical parameters (inlet temperature: 85 °C, pump rate: ≈0.18 L h−1,
aspirator power: 85%, resulting in a volume flow of ∼ 33 m3 h−1, spraying
gas flow: 473 L h−1, outlet temperature: ≈40 °C).
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Fabrication of Co-Doped FION/PDMS Composites and Test of Spa-
tially Resolved Induction Heating: The composite was prepared from
Co0.05Fe2.95O4 SPs (0.3 g), vinyl terminated PDMS (0.671 g, polymer VS
20.000), and PDMS with SiH groups (0.029 g, cross-linker 120) by mix-
ing all components with a gravity mixer (SpeedMixerTM DAC 150 1 FVZ
Hausschild) for 2 min at 3500 rpm. Two droplets of divinyl tetramethyl
disiloxane-platinum(0)-complex (catalyst 512) were added to the compos-
ite mixture and mixed for 30 s at 3500 rpm with the gravity mixer. The
resulting viscous mixture was transferred onto a polyethylene foil (125 μm
thickness), and a coated film was generated using a coating blade (MUL-
TICATOR 411, adjusted to 100 μm) and a film applicator (COATMASTER
510, speed setting 10). Afterward, the mixture was cured for 2 h at 100 °C
to initiate the cross-linking of the composite. To assess the spatial resolu-
tion, a static magnet (NdFeB, coating: Ni–Cu–Ni, adhesive force: 100 kg,
magnetic field strength: ≈ 4000 Oe) was partially placed over the coating,
leaving the other part of the coating exposed. Marks were made at 0.5 cm
intervals along the coating. The coating was then cut, and measurements
were taken at the marked points, including the section under the magnet.
With the locally magnetized composite, the gradient of locally resolved in-
duction heating was tested by placing the material inside a two-wind coil
(Cu, frequency: 1419 kHz) and applying a magnetic field with an ampli-
tude of 500 Oe. Simultaneously, heat production was monitored using a
thermal imaging camera (FLIR C5, Teledyne Flir).

Fabrication of Composites and Test of Programmable Debonding: Com-
posites of Co0.15Fe2.85O4 SPs and PEG (20 wt%) were prepared by mixing
their respective powders in a gravity mixer (SpeedMixer DAC 150.1 FVZ,
Hauschild) at 3500 rpm for 3 min. The resulting mixture was transferred
into 75 μL Al2O3 crucibles, with four samples heated to 100 °C in an oven
and subsequently affixed to a glass slide. Two of the samples were mag-
netized before positioning the glass slide within a two-wind copper coil
(frequency: 1419 kHz). A magnetic field with an amplitude of 500 Oe was
then applied using the induction heating device.

Composites of Co0.05Fe2.95O4 SPs in hot glue were created by combin-
ing the SPs (0.2 g) with hot glue (0.8 g) in a ratio of 1:4. The mixture was
heated to 150 °C for 1 h, before optimal mixing was induced bymechanical
stirring. For the application-oriented debonding scenario, the composites
were applied to a glass slide in the heated and therefore viscous state, af-
ter which two plastic parts were glued onto it. After they were allowed to
cool down to room temperature, the plastic parts were weighted with two
water-filled glass vials. Debonding was triggered in the pre-magnetized
sample (magnet: NdFeB, coating: Ni-Cu-Ni, adhesive force: 100 kg, mag-
netic field strength: ∼ 4000 Oe) upon exposure to an AMF with an ampli-
tude of 500 Oe.

Material characterization: Scanning electron microscopy (SEM) char-
acterization was conducted using a JSM-F100 (Jeol). Powder-based NP
and SP samples were prepared on carbon pads (Plano), while compos-
ite samples were cut with a razor blade. All samples were sputtered with
Pt (108SE, Cressington, 40 mA, 20 s). Morphology was examined using
a secondary electron detector at a working distance of 6 mm with an ac-
celeration voltage of 10 kV for powder samples and 5 kV for composites,
respectively. EDX analyses were conducted with an acceleration voltage of
15 kV and a working distance of 10 mm.

Induction heating experiments were conducted employing the high-
frequency device Sinus 52 (Himmelwerk) with a two-wind coil (Cu) at a
frequency of 1419 kHz and ACmagnetic fields with a maximum amplitude
of 500 Oe. The magnetic field amplitudes were simulated in collaboration
with the Himmelwerk company. The temperature at the surface of mag-
netic samples was measured with a CTlaser LTF pyrometer (Optris). The
magnetic field amplitude was adjusted manually to different values (50 to
500 Oe) depending on the experiment. For the induction heating of dried
NP powder samples, 30 mg of the respective sample was transferred to
a 75 μL crucible (Al2O3). For both powders and application-based com-
posites, the corresponding materials were placed in the center of the coil.
Some induction heating measurements were performed on magnetized
samples. To prepare these, the powders were exposed to a static magnetic
field by placing a permanent magnet (NdFeB, coating: Ni–Cu–Ni, adhe-
sive force: 100 kg, magnetic field strength: ≈4000 Oe) beneath the vial
containing the powder before heating experiments. After magnetization,

the powder was transferred to the crucible, resulting in a random orienta-
tion ofNPs for the applied AMF.No deliberate control of the angle between
the initial magnetizing field and the AC magnetic field was applied during
heating measurements.

Magnetization curves of magnetic NP samples were obtained using a
superconducting quantum interference device (SQUID) MPMS3 (Quan-
tumDesign Inc.). Static magnetization curves to approximate the alternat-
ingmagnetic field present in the induction heating device were recorded by
cycling the applied field from −500 to 500 Oe with a step rate of 2 Oe s−1.
Larger magnetization curves were obtained by cycling the applied mag-
netic field from−30 to 30 kOe employing a step rate of 50Oe s−1. The tem-
perature for all measurements was set to 300 K except explicitly stated oth-
erwise. For experiments during which the sample wasmagnetized to a spe-
cific value before measuring the magnetization curve, the corresponding
magnetic field was reached in the device starting from an unmagnetized
sample and employing a linear approach with a step rate of 50 Oe s−1.
AC magnetization curves were recorded by cycling the applied field from
−500 to 500 Oe with an amplitude of 3 Oe and a frequency of 1000 Hz.

Transmission electron microscopy (TEM) images were recorded with
a LEO EM 900 microscope (Carl Zeiss AG, Oberkochen, Germany) us-
ing an acceleration voltage of 80 kV. NP size distributions were av-
eraged over 75 NPs from TEM images by manual evaluation using
ImageJ.

Thermogravimetric analysis (TGA) measurements for Curie tem-
perature determination were conducted on 3–10 mg of dried, pre-
magnetized NPs with an attached static high-energy magnet (Netzsch,
TGA209F1E93.100-00) on a TG 209 F1 Libra (Netzsch) by heating the sam-
ples in a nitrogen atmosphere (N2: 50 mL min−1) with a heating rate of
30 K min−1 in the temperature range from 30 to 1000 °C. For a more re-
liable measurement, a non-magnetic counterweight in the form of SiO2
(sand, Carl Roth) was utilized to prevent mass falsifications induced by
the lifting of the crucible lid, which is otherwise caused by the experimen-
tal setup.

The crystallinity of the samples was analyzed via X-ray diffraction (XRD)
using a D8 Advance diffractometer (Bruker) equipped with a Lynxeye XE-T
detector employing Cu K𝛼 radiation (𝜆 = 0.154056 nm). Measurements
were conducted in the 2𝜃 range from 20 to 80° at 0.02° increments. Indi-
cation of reflections was performed based on the International Centre for
Diffraction Data PDF-4.

The Co content in respective Co-doped FION species was determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
using a Ciros CCD (Spectro Analytical Instruments GmbH) and an Op-
tima 8300 (PerkinElmer). The solid samples were dissolved in concen-
trated HCl:HNO3:HF in a volumetric ratio of 3:1:1 in 100 mL, employing
microwave heating to 220 °C for 40 min.

Off-axis electron holography was performed in an image-Cs-corrected
FEI Titan 80–300 microscope equipped with two electron biprisms at
300 kV. A homemade in-plane rotation TEM holder was used. Off-axis elec-
tron holograms were recorded in magnetic field-free conditions using a
direct electron-counting camera (Gatan K2 IS). The phase shift of an elec-
tron wave was reconstructed from holograms resulting from the presence
of magnetic and electric fields. To separate the two contributions of the
phase shift, the specimen was tilted to ±79° and the magnetic field of the
conventional objective lens of the microscope was used to magnetize it in
opposite directions in a field of about 1.5 T. Half of the sum and half of the
difference between aligned phase images reconstructed from such pairs of
off-axis electron holograms were used to determine the electrostatic and
magnetic contributions to the phase, respectively. The electrostatic contri-
bution to the phase is based on the mean inner and electrostatic poten-
tials of the specimen integrated in the electron beam direction, while the
gradient of the magnetic contribution to the phase is proportional to the
strength and direction of the in-plane magnetic induction projected in the
electron beam direction. The corresponding NPs were magnetized along
the chain axis to specific values, at which the mean inner potential compo-
nent was reconstructed, and magnetic phase images were converted into
magnetic contour images.

Videos were recorded with a digital camera (Alpha6000, Sony), while
snapshots of the videos were taken at characteristic times during the
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induction heating procedure. Digital photographs were takenwith a Redmi
Note 13 Xiaomi (2024).
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