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The magnetic properties of nanoscale magnets are greatly influenced by surface anisotropy. So far, its
quantification is based on the examination of the blocking temperature shift within a series of
nanoparticles of varying sizes. In this scenario, the surface anisotropy is assumed to be a particle size-
independent quantity. However, there is no solid experimental proof to support this simplified picture.
On the contrary, our work unravels the size-dependent magnetic morphology and surface anisotropy in
highly uniform magnetic nanoparticles using small-angle polarized neutron scattering. We observed that
the surface anisotropy constant does not depend on the nanoparticle's size in the range of 3-9 nm.

Furthermore, our results demonstrate that the surface spins are less prone to polarization with increasing
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surface anisotropy constant in fine nanomagnets. These findings open new routes in materials based on

DOI: 10.1039/d3na002669 a controlled surface spin disorder, which is essential for future applications of nanomagnets in
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1 Introduction

Disorder, the most favorable phenomenon for reducing
a system's total energy, crucially alters materials' physical and
chemical properties, whether in the form of chemical, struc-
tural, magnetic, or geometric disorder."* Therefore, in material
science, controlling and tuning disorders is beneficial.
Decreasing the size of materials to the nanoscale, the effect of
disorder becomes increasingly important.>* Magnetic nano-
particles (NPs) promising technological and biomedical appli-
cations in for example,** magnetic recording,*'* magnetic fluid
hyperthermia,"** magnetic manipulation for isolation of target
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biomolecules and rapid mixing,"** and magnetic resonance
imaging (MRI)'*"” are due to their particular physical properties
arising from their large surface-to-volume ratio. Different
applications require distinct magnetic properties, for instance,
data-storage applications demand high magnetic anisotropy to
preserve thermal stability,"® while magnetic hyperthermia and
MRI necessitate superparamagnetic NPs.” The resulting
magnetic properties and performance are affected not only by
the disorder but also by various aspects, such as shape,**>*
size,??® chemical composition,” crystal phase,”® surface
coating® and effects.*>** However, surface disorder phenomena
that arise from vacancies or the presence of antiphase
boundaries,**?* such as spin disorder*” and spin canting,***
have the strongest influence on the magnetic properties of NPs,*
i.e., spontaneous magnetization, superparamagnetic behavior,
coercivity, and exchange interaction. The effective magnetic
anisotropy energy, E, = KV, describes the alignment of the
particle’s moment in the field direction, and it is an important
parameter for many applications, for example, in data storage,
it describes the efficiency of storing medium. E, depends on the
effective anisotropy constant, K¢, and volume of material, V,
and thus, studying their correlation with the particle size is
important.*® In small NPs, where a large surface-to-volume ratio
drives the magnetic properties, the effective anisotropy constant
depends not only on the bulk magnetocrystalline anisotropy, Kj,
but also on the contribution from surface atoms. For spherical
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NPs, the effective anisotropy constant can be described as
follows:

Kerr = Ky, + 6/d- K, »

where d and K; represent the particle diameter and surface
anisotropy constants, respectively, and 6/d is the ratio of the
surface area to the volume of a spherical nanoparticle.**> Until
now, the K. was extracted from the shift of the blocking
temperature using two different approaches, either from the
real part of the susceptibility (AC susceptometry) or from IRM
experiments,” ™ and the obtained K; was attributed to the
material. However, the assumption that the surface anisotropy
constant is size-independent for samples prepared with the
same synthesis method has never been proven experimentally.
In contrast, magnetic small-angle polarized neutron scattering
(SANS) studies of magnetic NPs uncovered that spin textures of
NPs can be complicated, having uniform and different non-
uniform, canted, or core-shell-type configurations.***
Recently, a study by Zakutna et al. spatially resolved for the first
time the surface disorder energy within one NP-size batch using
half-polarized SANS (SANSPOL).** The disorder energy, Eg;s is
defined as

Edis = u- H- MZ(H) : [ Vmag(H) - Vmag(Hmin)]s (2)

where M,(H), Vﬁagma*, and Vmag(Hmin) are the longitudinal
magnetization at the applied field, and magnetized volumes at
Hpax and Hp,,, respectively. Afterward, they accessed the
effective anisotropy constant according to the following
equation:

0 Eis

Ko = , 3
T 0V ag G)

where 0Eq;s and 0V, are the derivatives of the disorder energy
and magnetic volume, respectively. From the effective anisot-
ropy constant, the spatially resolved surface anisotropy
constant, Kg, can be obtained:

o
Ks = Kot - % (4)

Thus, with the aim to validate experimentally eqn (1),
according to which the surface anisotropy constant does not
depend on the size of the material, using SANSPOL experiments
and the analysis proposed by Zakutna et al.,** we studied the
surface spin disorder in spherical CoFe,O, NPs, prepared with
the solvothermal method, having different coherent domain
sizes of 3.1(1), 6.3(1), and 8.6(1) nm and narrow size distribu-
tion of g1 < 20%. To isolate the effect of the size, we selected
samples having the same chemical composition, crystalline and
particle shape, and without interparticle interactions. For the
first time, we prove that albeit the energy needed for the
polarization of the spins into the field direction dramatically
changes with NP size, the surface anisotropy constant remains
the same in this size range. Moreover, we show that even
applying the saturation field, not all the spins at the NP surface
are polarized along the field direction, and the degree of
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polarization depends on the total crystalline and NP size. This
study addresses, for the first time experimentally, open funda-
mental questions about the surface anisotropy constant and
progresses the design and characterization of magnetic NPs for
their future technological and biomedical applications.

2 Experimental
2.1 Nanoparticle synthesis

2.1.1 Chemicals. Oleic acid (>99.99%), 1-pentanol
(99.89%), hexane (84.67%), and toluene (99.26%) were
purchased from Lach-Ner; 1-octanol (>99.99%) from SigmaAl-
drich; absolute ethanol and Co(NO;),-6H,O (99.0%) from
Penta; NaOH (>98.0%) from Fluka; Fe(NO3);-9H,O (98.0%)
from Lachema.

2.1.2 Synthesis. The nanoparticles were synthesized by the
hydrolysis of the Co(u) and Fe(m) oleates under solvothermal
conditions, as reported by Sanna Angotzi et al.®* The metal-
oleates were prepared according to Repko et al.®® An aqueous
solution of Co(u) and Fe(u) nitrates in a ratio of 1:2 was added
to a solution of sodium oleate, obtained by mixing sodium
hydroxide with oleic acid in water and ethanol mixture (1:1).
Afterwards, 20 mL of hexane was added, and the mixture was
kept at the reflux temperature for 1 h. Then, the reaction solu-
tion was cooled down to room temperature. The water phase
was removed, and the organic phase was mixed with 20 mL of
water, 5 mL of ethanol, and 5 mL of hexane and refluxed for
another 30 min to remove the inorganic residuals. This step was
repeated twice. Finally, the water phase was discarded from the
mixture, and the remaining organic solvents were evaporated.
The viscous metal-oleate product was then dissolved in 15 mL of
pentanol. Cobalt ferrite NPs were synthesized by a solvothermal
method of the metal-oleate complex at 220 or 180 °C for 10 h in
a stainless-steel autoclave (Berghof DAB-2). The details of the
synthesis are reported in the Table S1.7 After synthesis, the NPs
were first separated from the solvent with a permanent magnet.
Then, NPs were washed twice using 10 mL of hexane and 10 mL
of water in ultrasound bath with a magnet separation to remove
the residue of oleic acid and organic solvents. Afterward, the
NPs were dispersed in 5 mL of hexane and centrifuged at
3000 rpm for 5 min to remove agglomerates. Only the stable
part of the NP dispersion was kept for further characterization.
The sample names are labelled as S3, S6, and S9 sample, where
the number indicates coherent domain size and letter S the
spherical morphology.

2.2 Electron microscopy

Transmission electron microscopy (TEM) measurements were
done at the Tecnai G2 Spirit microscope from FEI operating at
120 kv, and high-resolution scanning TEM (HRSTEM)
measurements were carried out on JEOL NEOARM 200 F oper-
ating at 200 kV equipped with Schottky-FEG cathode and Cg
corrector, respectively. In both techniques, the toluene disper-
sion of NPs was dropped at the Cu grid with 400 mesh coated by
carbon foil. The TEM micrographs were taken in bright-field
mode, and the size distribution was made by manually

© 2023 The Author(s). Published by the Royal Society of Chemistry
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measuring at least 200 particle sizes from different TEM
micrographs in Image] software.*” Acquisition of HRSTEM
micrographs was made in annular bright (ABF) and dark-field
(ADF) mode.

2.3 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements were performed
at the Panalytical X'pert Pro diffractometer equipped with Cu K,,
radiation and a secondary monochromator. The data were
measured in powder form at the glass holder. The data analysis
was done by Rietveld refinement with implemented spherical
harmonics function in the WinPLOTR software within the
FullProf software package.®® The instrumental broadening
contribution of the diffractometer was extracted from the
standard measurement of LaBg from NIST. Within the Rietveld
analysis, the spherical harmonics function® describing the
preferred orientation of crystallites was used to obtain averaged
crystallite shape. The coherent domain size and shape were
visualized by the GFourier program within the FullProf.*®

2.4 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were per-
formed at Xenocs Xeus 2.0 equipped with Cu and Mo K,
microfocus X-ray sources, toroidal parallel beam producing X-
ray mirrors, two sets of beam collimating scatter-less slits and
Dectris PILATUS 200K detector. The experiments were per-
formed at a detector distance of 2.50 m using both Cu and Mo
wavelengths to cover the maximum accessible Q-range.
Measured 2D intensity profiles were azimuthally integrated.
Resulted 1D SAXS patterns were corrected to the capillary/
sample thickness, the transmission of samples, and properly
scaled solvent and capillary signal was subtracted.

2.5 Small-angle neutron scattering

Half-polarized small-angle neutron scattering (SANSPOL) was
carried out at the D33 instrument at the Institut Laue-Langevin,
Grenoble, France.” The experiments were done in two instru-
ment configurations with 2.8 and 7.8 m collimation and 2 and
7.8 m detector to sample distance, respectively. Due to the small
size of the S3 sample, SANSPOL data were collected only at high
Q-values. The neutron beam of the wavelength of 5 A with the
wavelength spread of AA/A = 10% was used. The aperture of the
rectangular shape and dimension of 5 x 7 mm was used to
focus the neutron beam on the sample. At the sample, the
magnetic field up to 1.34 T was applied (other applied magnetic
fields: 0.7, 0.1, 0.05, 0.03, 0.02, and 0.01 T) in the horizontal
direction perpendicular to the neutron beam. The data were
corrected to the background scattering, blocked beam, and
polarization efficiency of the V-shaped polarizer (0.91) and
flipper (0.99). The scattering intensity was transformed to the
absolute scale by measuring the intensity of the empty beam.
The pure nuclear scattering cross-section was extracted by
sector averaging (with a total opening of 20°) in the magnetic
field direction (horizontal) at the saturating magnetic field (1.34
T). The nuclear-magnetic scattering cross sections were ob-
tained from sector averaging (with a total opening of 20°)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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perpendicular to the applied magnetic field (vertical) for all
used external magnetic fields.

2.6 Macroscopic magnetization

Magnetization measurements were performed in a physical
property measurement system (PPMS) from Quantum Design
(QD) equipped with Vibrating Sample Magnetometry (VSM)
module. The measurements were done on powder samples
enclosed in capsules with epoxy glue to prevent the physical
rotation of the grains in the magnetic field. Temperature
dependence of magnetization was measured under zero-field
cooled (ZFC), and field-cooled conditions to 2 K, and the
magnetization response of the samples were collected while
warming the samples from 2 K to 350 K with an applied field of
50 mT. The isothermal magnetizations were collected at several
temperatures (10 K, 50 K, 60 K, 100 K, 298 K, and 350 K
depending on the sample) in the range of the applied magnetic
field of £7 T.

2.7 Micromagnetic simulations

The micromagnetic simulations were performed using
mumax3.” The simulations were based on single NPs of cubic
computational cells of 1 nm, both uniaxial and cubic anisot-
ropies were considered in separate simulations.

2.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out at the was
performed on SETARAM SETSYS evolution 1750 in the nitrogen
atmosphere (40 mL min~'). Powder samples (3-10 mg) were
placed into a 100 pL alumina crucible and mounted on a Pt/Rh
DSC rod. Samples were heated up to 800 °C with a heating rate

of 5 °C min™*.

2.9 Inductively coupled plasma optical emission
spectroscopy

Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) was performed using an Agilent 5110 device. The
calibration line was performed in the range 1-10 mgL™ " at
wavelengths 228.615 nm for cobalt and 238.20 nm for iron. The
samples were prepared for the analysis as follows: 1 mL of H,O,
and milliQ water were added to approximately 6 mg of the
powder sample under magnetic stirring to decompose the
organic shell. When the formation of the foam was not observed
anymore, we added 6 mL of HCI and 2 mL of HNO;. Then, the
solution was heated at 80 °C for 2 h and filtered in a volumetric
flask.

3 Results and discussion
3.1 Structure, morphology, and chemical composition

To reveal precisely the size dependence of the surface anisot-
ropy constant, differently sized cobalt ferrite NPs of the same
shape and reasonable size distribution were synthesized with
the same protocol, according to Sanna et al.®* The precise stoi-
chiometry of CogosFe,030,4 was confirmed by inductively

Nanoscale Adv., 2023, 5, 4563-4570 | 4565
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coupled plasma optical emission spectroscopy for all samples.
Furthermore, all samples consist of spherically shaped NPs with
different mean particle sizes 4.4(1) (S3 sample), 8.1(1) (S6
sample), and 11.1(1) nm (S9 sample) having a reasonably
narrow size distribution of gj,; < 20% determined from SAXS
(Table S2t), which is in good agreement with the TEM results
(Fig. S2 and Table S27). Moreover, using the Rietveld analysis
with implemented spherical harmonic function, we obtained
a spherical shape of the coherent domain size for all the
samples, as reported in the inserts in Fig. S1 and Table S2.1 The
Rietveld analysis revealed coherent domain sizes of 3.1(1),
6.3(1), and 8.6(1) nm for S3, S6, and S9 samples, respectively,
which are significantly smaller than their physical particle size.
This disagreement between crystallite size and particle size is
due to the structural disorder or lack of crystallinity at the NP's
surface confirmed also by HRSTEM (Fig. S31), leading to
a possible presence of surface effects. It must be stressed that
the exact stoichiometry, narrow size distribution, and crystal-
line and physical shape make the set of samples suitable for
studying merely the effect of the physical size on the surface
anisotropy constant. Furthermore, we extracted pure nuclear
scattering cross-sections at the saturation field of the sample
from SANSPOL experiments to retrieve additional information
on the NP's nuclear morphology. The pure nuclear scattering
cross-sections (Fig. 1) were described using the core-surfactant
model, wherein the core represents the inorganic particle size,
and the surfactant corresponds to the oleate (OA) ligand shell.
The core particle sizes were fixed according to the obtained
SAXS results (ruc), and only the OA shell thickness (do,s) was
refined (with fixed pos = 0.78 x 1077 A™?), leading to the
thickness of doa = 1.3(1) nm for all samples (as reported in
Table S27), in agreement with previously published results.®*”*
Moreover, the presence of the Guinier plateau at the low Q-
ranges in nuclear SANS cross-sections indicates that the
dispersions consist of non-interacting NPs.

3.2 Averaged macroscopic magnetic properties

From zero-field-cooled and field-cooled curves of samples
(Fig. S4t), the typical shift of the blocking temperature to higher
values with increasing the physical size of NPs is obtained (see
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further description in the ESI, Table S61). From isothermal
macroscopic averaged magnetization measurements, bimodal
magnetic dipole distribution was obtained by numerical inver-
sion method (Fig. S51), supporting the possible presence of spin
disorder but also interparticle interactions that are commonly
present in powder samples. However, one broad monomodal
magnetic moment distribution can describe these bi-modal
distributions. The averaged dipole magnetic moment of 3.35
x 10— Am™ (361 pg), 8.70 x 10—>* Am ™" (938 pg), and 1.60
x 10—>° Am ™" (1730 ) was obtained for S3, S6, and S9 sample,
respectively. It has to be mentioned that samples were
measured in powder form, and thus results might be influenced
by interparticle interactions as well as spin disorder effects.
Moreover, to support our experimental observations, we per-
formed micromagnetic simulations using mumax3 (Fig. S6-
S87).7*

3.3 Effective and surface anisotropy

To unveil surface phenomena in the prepared set of samples,
the magnetic morphology of single NP has to be resolved with
the spatial resolution. Therefore, magnetic SANS experiments
were done on the NPs dispersion with low concentrations (1-
3 mg mL ') to avoid the effects of the interparticle interaction
on the NP's magnetic properties.” The magnetic morphology of
the samples was revealed by the core-shell-surfactant form
factor refinement of the vertical sectors (90° to the applied field
with 20° opening) of the magnetic-nuclear cross-sections
(I, I at different applied magnetic field strengths (Fig. 2,
Table S3-S5 in the ESIY).

In this model, we define the magnetized part of the NPs as
the core (rmag), while the shell is the non-magnetized part,
named the disordered layer (dg;s), which allows us to unveil the
presence of possible surface phenomena. At the maximal
applied magnetic field (Hnax = 1.34 T), all samples show
a smaller magnetic radius than the physical size, confirming the
presence of the layer without magnetization. Nevertheless, the
amount of the magnetized volume decreases with increasing NP
size. The smallest NPs (S3 sample) are almost fully magnetized
with only 7.6(2)% of non-magnetized part, while for larger
particles, the disordered volume fraction increases. Indeed, the

10—1 L

d2/dQ (ecm™)

1072 |

107

1072 107" 1072

QA™

10 » 107"
QA™)

Fig.1 SAXS and pure nuclear SANS cross-section (points) with form factor refinements (full lines). The SAXS data were scaled by 1.5 or 7-times as
indicated in the graphs above the SAXS data. (Insets) TEM micrographs in bright field mode. Scale bars: 100 nm.
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Fig.2 SANSPOL scattering cross sections (points) for the polarization /g and /& with core—shell-dead layer form factor refinements (full lines) at
1.34 T. (Insets) Obtained radial distribution of pmaq at different applied magnetic fields.

Table 1 Obtained values of magnetic radius at the highest applied
magnetic field (Hmax = 1.34 T), rmag(Hmax); the thickness of a dead
layer at Hmax, dgis(Hmax); Magnetic scattering length density at Hpmay,
Pmag(Hmax); volume fraction of spin disorder at the lowest applied
magnetic field (Hmin = 10 MT) @spin(Hmin); volume fraction of spin
disorder at Hmax, ®spinlHmax); the magnitude of the surface spin
disorder energy, AEis(Hmax); and maximum value of effective anisot-
ropy, Kett.max from SANSPOL refinements

Parameter S3 S6 S9
Tmag(Hmax) (nm) 2.22(2) 3.87(4) 4.96(5)
dgis(Hmax) (nm) 0.06(2) 0.18(4) 0.52(5)
Prmag(Hmax) (107°A7?) 1.03(1) 1.23(3) 1.25(3)
(ﬂspin(Hmin) (0/0] 45(22) 50(12] 40(2)
(/Jspin(Hmax) (%) 7.6(2) 13.1(4) 25.9(8)
Egis(Hmax) (1077 ]) 0.9(2) 6(2) 6(2)
Keff,max (106] 1’1’173) 8(2) 5(2) 4(1)

largest NPs (S9 sample) have a non-magnetic volume of
25.9(8)% (Table 1). The magnetic scattering length density,
Pmag, increases with the applied magnetic field due to the
alignment of the magnetic moment of the NPs along the field,
supporting the previous work of Zakutna et al.** Moreover,
a different degree of dependence of the magnetized volume and
Pmag With the applied magnetic field is observed for different
NPs sizes (Table 1). These results report the evidence of the size
dependence of the surface spin disorder.

The obtained field-dependence of ry,ag and dgj is visualized
in Fig. 3. At the lowest applied field (Hy,i, = 10 mT), the samples
show the size of magnetized NPs close to the coherent domain
size (rxgp) With a significant non-magnetic volume fraction
(@spin(Hmin)) between 40-50% depending on the sample (Table
1), which reduces gradually with an increasing magnetic field.
Nevertheless, while the smallest sample with a coherent
domain size of 3.1(1) is almost fully magnetized at H,,,, with
only 7.6(2)%, the larger samples still have significant non-
magnetic volume (up to 25.9(8)% for the S9 sample). This is
understood as the smaller particles are easier to magnetize,
which is directly related to the energy needed to polarize spins
into the field direction, known as disorder energy. These results
are in excellent agreement with macroscopic magnetization
measurements, whereby the non-regularized numerical inver-
sion approach”™ of the magnetization curve at the 298 K, two
populations of the magnetic moment were obtained corre-
sponding to the core and shell (Fig. S5t). Moreover, the aver-
aged magnetized radii of 2.31(1), 3.96(1), and 4.91(2) nm were
extracted for S3, S6, and S9 samples, respectively, representing
the same total magnetized volume as received from SANSPOL at
the highest applied magnetic field. Furthermore, to obtain
more in-depth information on the surface disorder, we calcu-
lated the disorder energy from SANSPOL results according to
Zakutna et al.,** using eqn (2). The longitudinal magnetization
is directly proportional to the decrease of the ppaq:

56
24 Foue Tauc 0
0
¢ ¢ ¢
52
z 2 = £ = E 04 ¢
£ 04 £ E36 # “EE ¢ £
g + e 2 o 2 § 2
£ 5 £ S E 48 f ©
1.6 0.8 0.8
I'xrp 3.2 .
0.8 X80 o
S3 S6 “ S9
12 28 ‘ 1.2 1.2
0 03 06 09 12 15 03 06 09 12 15 0 03 06 09 12 15
HoH (T) HoH (T) HoH (T)

Fig.3 Field-dependence of the magnetic radius and the disorder layer thickness for all samples. The transparent surfaces represent the samples’

crystalline size (brighter) and nuclear radius (darker).
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Fig. 4 (a) Dependence of the disorder energy and (b) effective
anisotropy constant on the magnetic radius of the samples. The
transparent surfaces represent the samples’ crystalline size (brighter)
and nuclear radius (darker). Solid lines represent the guide to the eye.

pmag:bH'MZ:bH'MS"C(g)v (5)

with magnetic scattering length, by = 2.91 x 10° (Am)™",
spontaneous magnetization, M, and Langevin function, £(£).
Fig. 4 reports the field-dependence of the disorder energy (left).
Comparing the trend of the Eg4, we can observe that the
samples S6 and S9, the magnetic size approaches the structural
size in a similar way while the S3 sample differs from the other
two, indicating that the energy required to polarize spins at the
NP surface increases with the applied magnetic field. The ob-
tained maximum values of E4s(Hmax) are reported in Table 1,
where we can notice as well an increase of Egjs(Hmayx) With the
NPs size, which is in line with the previous statement. From the
derivative of disorder energy over magnetized volume (eqn 3),
the effective anisotropy constant for all samples is accessed
(Table 1 and Fig. 4b). The obtained K. values are in the same
order of magnitude as effective anisotropy for ry,c = 7.04 nm

Table 2 Obtained values of maximum surface anisotropy, K, and
volume averaged disorder anisotropy, (Ks) from SANSPOL refinements

Parameter S3 S6 S9

K, (mJ m™?)
(Ks) (mJ m™?)

6(1)
0.14(1)
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Cog.22Fe; 5,054 NPs (Kee = 10° J m™3).%* To support the
phenomenological equation (eqn (1)), we spatially resolve the
surface anisotropy constant according to Zakutna et al.,** Ks =
Keff X Tmag/3, independently for each NP's size. As reported in
Table 2, we obtained the spatially resolved Ks = 6 mJ m™ > for
each sample, confirming that the surface anisotropy constant
does not depend on the NPs size in the case of the ideal batch of
samples, i.e. where the composition, coherent domain shape,
and physical morphology is same. We also provide the volume
averaged disorder anisotropy, (K;), calculated as (Ks) = Eg;s(-
Hiax)/Vaue X Tnue/3, by considering the whole nuclear volume of
NPs from the disorder energy at the highest applied magnetic
field (Table 2). Obtained (K;) values are in good agreement with
previously reported values of surface anisotropies of different
ferrite NPs.***®7>7¢ These results experimentally support the
theoretical description, according to which the surface-to-
volume ratio does not influence the surface anisotropy,
however, the exchange interactions lead to reduced magnetic
particle size compared with the structural size.*®**7%7¢

4 Conclusions

Within this work, we prove experimentally that the classical
approach of extracting the averaged surface anisotropy
constant, as interpolation of the blocking temperature shift
from AC susceptometry data using different NP size batches, is
entirely correct and reasonable. However, it is worth underlying
that this approach should be applied only if the NPs have been
prepared with the same synthesis method and possess the same
chemical composition, polydispersity, and physical and crys-
tallite shape. Furthermore, we demonstrate that NP's size
increases the energy needed to polarize spins into the field
direction. These observations are crucial in designing the new
materials with controlled surface disorder necessary for the
improved magnetic NP applications in magnetic hyperthermia,
drug delivery, data storage, and the development of rare
element-free permanent magnets.

Author contributions

M. G. carried out experimental work, performed data analysis,
prepared figures, and wrote the manuscript. D. Z. supervised,
conceptualized, validated, wrote, and edited the manuscript. M.
S. A. synthesized the S3 and S9 samples. V. M., M. G., D. Z.
and N.-J. S. performed half-polarized small-angle neutron
scattering experiments. V. G. carried out TEM measurements,
and D. N. R. performed HRSTEM experiments. M. D. carried out
SAXS experiments. D. F. C. de A. A. made micromagnetic
simulations. J. V. conducted data analysis using numerical
inversion. All authors have read, commented, and edited the
manuscript.

Conflicts of interest

There are no conflicts to declare.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00266g

Open Access Article. Published on 03 August 2023. Downloaded on 12/4/2025 9:31:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Acknowledgements

We would like to greatly acknowledge Institute Laue-Langevin
(ILL), Grenoble, France, for the provision of the beamtime.
We thank J. Havli¢kova for the TGA measurements and D. Rohal
for the synthesis of sample S6. This work has been supported by
Charles University Research Centre program No. UNCE/SCI/014
and the Grant Agency of Charles University: GAUK 267323. We
thank CESA Project—RAS Piano Sulcis grant number
E58C16000080003 for funding the post-doctoral fellowship
of M. Sanna Angotzi. Post-Doc positions of V. Mameli were
funded by PON AIM (PON Ricerca e Innovazione 2014-2020-
Azione 1.2-DD n. 407 del 27.02.2018 “Attraction and Interna-
tional Mobility”, CultGeoChim project AIM1890410-3) and
CESA  Project—RAS  Piano  Sulcis grant number
E58C16000080003. D. N. Rainer acknowledges support from the
Ministry of Education, Youth and Sport of the Czech Republic
through the ERC CZ project L2104.

References

1 D. A. Keen and A. L. Goodwin, Nature, 2015, 521, 303-309.

2 A. Lak, S. Disch and P. Bender, Adv. Sci., 2021, 8, 2002682.

3 Magnetic Disorder in Nanostructured Materials, ed. N.
Domracheva, M. Caporali and E. Rentschler, Elsevier, 2018,
ch. 4, pp. 127-163.

4 N. Tran and T. J. Webster, J. Mater. Chem., 2010, 20, 8760-
8767.

5S. R. Dave and X. Gao, Wiley Interdiscip. Rev.: Nanomed.
Nanobiotechnol., 2009, 1, 583-6009.

6 X. Sun, Y. Huang and D. Nikles, Int. J. Nanotechnol., 2004, 1,
328-346.

7 H.-w. Zhang, Y. Liu and S.-h. Sun, Front. Phys., 2010, 5, 347-
356.

8 R. H. Dee, Proc. IEEE, 2008, 96, 1775-1785

9 J. M. Galloway, J. E. Talbot, K. Critchley, J. J. Miles and
J. P. Bramble, Adv. Funct. Mater., 2015, 25, 4590-4600.

10 G. Reiss and A. Hiitten, Nat. Mater., 2005, 4, 725-726.

11 P. Das, M. Colombo and D. Prosperi, Colloids Surf., B, 2019,
174, 42-55.

12 H. Etemadi and P. G. Plieger, Adv. Ther, 2020, 3, 2000061.

13 Y. Lu, A. Rivera-Rodriguez, Z. W. Tay, D. Hensley, K. B. Fung,
C. Colson, C. Saayujya, Q. Huynh, L. Kabuli, B. Fellows,
P. Chandrasekharan, C. Rinaldi and S. Conolly, Int. J.
Hyperthermia, 2020, 37, 141-154.

14 M. K. Masud, J. Na, M. Younus, M. S. A. Hossain, Y. Bando,
M. J. A. Shiddiky and Y. Yamauchi, Chem. Soc. Rev., 2019, 48,
5717-5751.

15 Y. Kang, M. K. Masud, Y. Guo, Y. Zhao, Z. S. Nishat, ]J. Zhao,
B. Jiang, Y. Sugahara, T. Pejovic, T. Morgan, M. S. A. Hossain,
H. Li, C. Salomon, T. Asahi and Y. Yamauchi, ACS Nano,
2023, 17, 3346-3357.

16 J. R. McCarthy and R. Weissleder, Adv. Drug Delivery Rev.,
2008, 60, 1241-1251.

17 C. Sun, J. S. Lee and M. Zhang, Adv. Drug Delivery Rev., 2008,
60, 1252-1265.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

18 J.-W. Liao, H.-W. Zhang and C.-H. Lai, in Magnetic
Nanomaterials for Data Storage, John Wiley and Sons, Ltd,
2017, ch. 14, pp. 439-472.

19 P. M. Martins, A. C. Lima, S. Ribeiro, S. Lanceros-Mendez
and P. Martins, ACS Appl. Bio Mater., 2021, 4, 5839-5870.

20 C. de Montferrand, L. Hu, I. Milosevic, V. Russier, D. Bonnin,
L. Motte, A. Brioude and Y. Lalatonne, Acta Biomater., 2013,
9, 6150-6157.

21 Q. Song and Z. J. Zhang, J. Am. Chem. Soc., 2004, 126, 6164—
6168.

22 N. Bao, L. Shen, W. An, P. Padhan, C. Heath Turner and
A. Gupta, Chem. Mater., 2009, 21, 3458-3468.

23 D. Tobia, E. Winkler, R. D. Zysler, M. Granada and
H. E. Troiani, Phys. Rev. B: Condens. Matter Mater. Phys.,
2008, 78, 104412.

24 A. Lopez-Ortega, E. Lottini, C. d. J. Fernandez and
C. Sangregorio, Chem. Mater., 2015, 27, 4048-4056.

25 D. Zakutna, A. Alemayehu, ]J. Vlcek, K. Nemkovski,
C. P. Grams, D. Niznansky, D. Honecker and S. Disch,
Phys. Rev. B, 2019, 100, 184427.

26 G.Gomide, R. Cabreira Gomes, M. Gomes Viana, A. F. Cortez
Campos, R. Aquino, A. Lopez-Ortega, R. Perzynski and
J. Depeyrot, J. Phys. Chem., 2022, 126, 1581-1589.

27 M. Sanna Angotzi, V. Mameli, D. Zakutna, D. Kubaniova,
C. Cara and C. Cannas, J. Phys. Chem. C, 2021, 125, 20626-
20638.

28 M. K. Masud, J. Kim, M. M. Billah, K. Wood,
M. ]J. A. Shiddiky, N.-T. Nguyen, R. K. Parsapur,
Y. V. Kaneti, A. A. Alshehri, Y. G. Alghamidi,

K. A. Alzahrani, M. Adharvanachari, P. Selvam,
M. S. A. Hossain and Y. Yamauchi, J. Mater. Chem. B, 2019,
7, 5412-5422

29 M. Abdolrahimi, M. Vasilakaki, S. Slimani, N. Ntallis,
G. Varvaro, S. Laureti, C. Meneghini, K. N. Trohidou,
D. Fiorani and D. Peddis, Nanomaterials, 2021, 11, 1787.

30 A. G. Roca, M. P. Morales, K. O'Grady and C. J. Serna,
Nanotechnology, 2006, 17, 2783.

31 M.-H. Phan, J. Alonso, H. Khurshid, P. Lampen-Kelley,
S. Chandra, K. Stojak Repa, Z. Nemati, R. Das, O. Iglesias
and H. Srikanth, Nanomaterials, 2016, 6, 221.

32 L. Berger, Y. Labaye, M. Tamine and J. M. D. Coey, Phys. Rev.
B: Condens. Matter Mater. Phys., 2008, 77, 104431.

33 E. Wetterskog, C.-W. Tai, J. Grins, L. Bergstrom and
G. Salazar-Alvarez, ACS Nano, 2013, 7, 7132-7144.

34 Z.Nedelkoski, D. Kepaptsoglou, L. Lari, T. Wen, R. A. Booth,
S. D. Oberdick, P. L. Galindo, Q. M. Ramasse, R. F. L. Evans,
S. Majetich and V. L. Lazarov, Sci. Rep., 2017, 7, 45997.

35 T. Kohler, A. Feoktystov, O. Petracic, N. Nandakumaran,
A. Cervellino and T. Briickel, J. Appl. Crystallogr., 2021, 54,
1719-1729.

36 X. Batlle, C. Moya, M. Escoda-Torroella, 0. Iglesias, A. Fraile
Rodriguez and A. Labarta, J. Magn. Magn. Mater., 2022, 543,
168594.

37 R. H. Kodama, A. E. Berkowitz, E. J. McNiff and S. Foner, J.
Appl. Phys., 1997, 81, 5552-5557.

38 G. Salazar-Alvarez, J. Qin, V. éepelék, I. Bergmann,
M. Vasilakaki, K. N. Trohidou, J. D. Ardisson,

Nanoscale Adv., 2023, 5, 4563-4570 | 4569


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00266g

Open Access Article. Published on 03 August 2023. Downloaded on 12/4/2025 9:31:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

W. A. A. Macedo, M. Mikhaylova, M. Muhammed, M. D. Bar6
and J. Nogués, J. Am. Chem. Soc., 2008, 130, 13234-13239.

39 S. Mgrup, E. Brok and C. Frandsen, J. Nanomater., 2013,
2013, 720629.

40 S. Oyarzun, A. Tamion, F. Tournus, V. Dupuis and
M. Hillenkamp, Sci. Rep., 2015, 5, 14749.

41 X. Batlle and A. Labarta, J. Phys. D, 2002, 35, 201.

42 F. Bedker, S. Mgrup and S. Linderoth, Phys. Rev. Lett., 1994,
72, 282-285.

43 G. Muscas, M. Cobianchi, A. Lascialfari, C. Cannas,
A. Musinu, A. Omelyanchik, V. Rodionova, D. Fiorani,
V. Mameli and D. Peddis, IEEE Magn. Lett., 2019, 10, 1-5.

44 N. Pérez, P. Guardia, A. G. Roca, M. P. Morales, C. ]. Serna,
O. Iglesias, F. Bartolomé, L. M. Garcia, X. Batlle and
A. Labarta, Nanotechnology, 2008, 19, 475704.

45 F. Tournus, A. Hillion, A. Tamion and V. Dupuis, Phys. Rev.
B: Condens. Matter Mater. Phys., 2013, 87, 174404.

46 M. Tadic, V. Kusigerski, D. Markovi¢, M. Panjan, 1. MiloSevic¢
and V. Spasojevic, J. Alloys Compd., 2012, 525, 28-33.

47 T. N. Shendruk, R. D. Desautels, B. W. Southern and J. van
Lierop, Nanotechnology, 2007, 18, 455704.

48 D. Fiorani, A. Testa, F. Lucari, F. D'Orazio and H. Romero,
Phys. B: Condens. Matter, 2002, 320, 122-126.

49 G. Baldi, D. Bonacchi, C. Innocenti, G. Lorenzi and
C. Sangregorio, J. Magn. Magn. Mater., 2007, 311, 10-16.

50 S. Disch, E. Wetterskog, R. P. Hermann, A. Wiedenmann,
U. Vainio, G. Salazar-Alvarez, L. Bergstrom and T. Briickel,
New J. Phys., 2012, 14, 013025.

51 K. L. Krycka, J. A. Borchers, R. A. Booth, S. A. Majetich,
Y. Jjiri, K. Hasz and J. J. Rhyne, Phys. Rev. Lett., 2014, 113,
147203.

52 K. Hasz, Y. Ijiri, K. L. Krycka, J. A. Borchers, R. A. Booth,
S. Oberdick and S. A. Majetich, Phys. Rev. B: Condens.
Matter Mater. Phys., 2014, 90, 180405.

53 A. Glnther, J.-P. Bick, P. Szary, D. Honecker, C. D. Dewhurst,
U. Keiderling, A. V. Feoktystov, A. Tschope, R. Birringer and
A. Michels, J. Appl. Crystallogr., 2014, 47, 992-998.

54 T. Maurer, S. Gautrot, F. Ott, G. Chaboussant, F. Zighem,
L. Cagnon and O. Fruchart, Phys. Rev. B: Condens. Matter
Mater. Phys., 2014, 89, 184423.

55 C. L. Dennis, K. L. Krycka, J. A. Borchers, R. D. Desautels,
J. van Lierop, N. F. Huls, A. J. Jackson, C. Gruettner and
R. Ivkov, Adv. Funct. Mater., 2015, 25, 4300-4311.

56 A.]J. Grutter, K. L. Krycka, E. V. Tartakovskaya, J. A. Borchers,
K. S. M. Reddy, E. Ortega, A. Ponce and B. J. H. Stadler, ACS
Nano, 2017, 11, 8311-8319.

57 S. D. Oberdick, A. Abdelgawad, C. Moya, S. Mesbahi-Vasey,
D. Kepaptsoglou, V. K. Lazarov, R. F. L. Evans, D. Meilak,
E. Skoropata, J. van Lierop, I. Hunt-Isaak, H. Pan, Y. Jjiri,
K. L. Krycka, J. A. Borchers and S. A. Majetich, Sci. Rep.,
2018, 8, 3425.

4570 | Nanoscale Adv, 2023, 5, 4563-4570

View Article Online

Paper

58 P. Bender, D. Honecker and L. Fernandez Barquin, Appl.
Phys. Lett., 2019, 115, 132406.

59 M. Bersweiler, P. Bender, L. G. Vivas, M. Albino, M. Petrecca,
S. Miihlbauer, S. Erokhin, D. Berkov, C. Sangregorio and
A. Michels, Phys. Rev. B, 2019, 100, 144434.

60 Y. Jjiri, K. L. Krycka, I. Hunt-Isaak, H. Pan, J. Hsieh,
J. A. Borchers, J. J. Rhyne, S. D. Oberdick, A. Abdelgawad
and S. A. Majetich, Phys. Rev. B, 2019, 99, 094421.

61 D. Honecker, M. Bersweiler, S. Erokhin, D. Berkov,
K. Chesnel, D. A. Venero, A. Qdemat, S. Disch,
J- K. Jochum, A. Michels and P. Bender, Nanoscale Adv.,
2022, 4, 1026-1059.

62 D. Zakutna, A. Fischer, D. Dresen, D. Niznansky,
D. Honecker and S. Disch, J. Appl. Crystallogr., 2022, 55,
1622-1630.

63 D. Zakutna, N. Rouzbeh, D. Niznansky, J. Duchon,
A. Qdemat, E. Kentzinger, D. Honecker and S. Disch,
Chem. Mater., 2023, 35, 2302-2311.

64 D. Zakutna, D. Niznansky, L. C. Barnsley, E. Babcock,
Z. Salhi, A. Feoktystov, D. Honecker and S. Disch, Phys.
Rev. X, 2020, 10, 031019.

65 M. Sanna Angotzi, A. Musinu, V. Mameli, A. Ardu, C. Cara,
D. Niznansky, H. L. Xin and C. Cannas, ACS Nano, 2017,
11, 7889-7900.

66 A. Repko, ]J. Vejpravova, T. Vackova, D. Zakutna and
D. Niznansky, J. Magn. Magn. Mater., 2015, 390, 142-151.

67 C. A. Schneider, W. S. Rasband and K. W. Eliceiri, Nat.
Methods, 2012, 9, 671-675.

68 J. Rodriguez-Carvajal, Phys. B, 1993, 192, 55.

69 J. Bergmann, T. Monecke and R. Kleeberg, J. Appl
Crystallogr., 2001, 34, 16-19.

70 C. D. Dewhurst, 1. Grillo, D. Honecker, M. Bonnaud,
M. Jacques, C. Amrouni, A. Perillo-Marcone, G. Manzin
and R. Cubitt, J. Appl. Crystallogr., 2016, 49, 1-14.

71 A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen,
F. Garcia-Sanchez and B. Van Waeyenberge, AIP Adv., 2014,
4,107133.

72 S. Disch, E. Wetterskog, R. P. Hermann, A. Wiedenmann,
U. Vainio, G. Salazar-Alvarez, L. Bergstrom and T. Briickel,
New J. Phys., 2012, 14, 013025.

73 M. Gerina, V. Mameli, D. Rohai, N.-J. Steinke and
D. Zakutna, Correlating the Crystalline Structure with
Magnetic Morphology of Magnetic Nanoparticles, Institut
Laue-Langevin (ILL), 2021.

74 J. van Rijssel, B. W. Kuipers and B. H. Erné, J. Magn. Magn.
Mater., 2014, 353, 110-115.

75 E. Sousa, M. Sousa, G. Goya, H. Rechenberg, M. Lara,
F. Tourinho and J. Depeyrot, J. Magn. Magn. Mater., 2004,
272-276, E1215-E1217.

76 F. Gazeau, ]. Bacri, F. Gendron, R. Perzynski, Y. Raikher,
V. Stepanov and E. Dubois, J. Magn. Magn. Mater., 1998,
186, 175-187.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00266g

	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...

	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...

	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...
	Size dependence of the surface spin disorder and surface anisotropy constant in ferrite nanoparticlesElectronic supplementary information (ESI)...


