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Abstract

Despite modern preparation techniques offer the opportunity to tailor the composition, size, and shape of magnetic
nanoparticles, understanding and hence controlling the magnetic properties of such entities remains a challeng-
ing task, due to the complex interplay between the volume-related properties and the phenomena occurring at the
particle’s surface. The present work investigates spinel iron oxide nanoparticles as a model system to quantitatively
analyze the crossover between the bulk and the surface-dominated magnetic regimes. The magnetic properties of
ensembles of nanoparticles with an average size in the range of 5-13 nm are compared. The role of surface anisot-
ropy and the effect of oleic acid, one of the most common and versatile organic coatings, are discussed. The structural
and morphological properties are investigated by X-ray diffraction and transmission electron microscopy. The size
dependence of the surface contribution to the effective particle anisotropy and the magnetic structure are analyzed
by magnetization measurements and in-field Mssbauer spectrometry. The structural data combined with mag-
netometry and Mossbauer spectrometry analysis are used to shed light on this complex scenario revealing a crosso-
ver between volume and surface-driven properties in the range of 5-7 nm.

Keywords: Nanomagnetism, Nanoparticles, Ferrites, Surface properties, Exchange bias

Introduction

On entering the nanometer-scale regime, the magnetic
properties of condensed matter show substantial dif-
ferences with respect to the bulk state, leading to “new
physics” [1-3] and applications [4, 5]. In magnetism,
several phenomena are related to the nanoscale, such as
the dimensions of magnetic domains and the length of
exchange coupling interactions. For this reason, since a
few decades ago, nanostructured magnetic materials are
the object of great attention. Among them, nanoparticles
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(NPs) are unique complex physical objects: In these sys-
tems, a multidomain organization is energetically unfa-
vorable and single-magnetic-domain particles are formed
[6]. Within such domains, all atomic spins act coherently
as a single magnetic “supermoment,” a gigantic replica of
individual atomic spins [7]. The static and dynamic mag-
netic properties of monodomain NPs are mainly gov-
erned by the magnetic anisotropy energy. This quantity
represents the energy barrier that the magnetic super-
moment needs to overcome to freely rotate in space. In
the simplest case of a spherical particle with uniaxial ani-
sotropy, the magnetic anisotropy energy depends on the
angle 0 between the applied field and the anisotropy easy
axis according to:

AE = K.V sin’ 6 (1)
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The maximum value AE=K,4 V depends on the effec-
tive anisotropy constant K, and the particle volume V.
At a certain temperature, the magnetic supermoment
undergoes a thermally activated transition with a charac-
teristic relaxation time 7 [2, 8]:

1<eﬂfv} o

T = Tp exp { ks T

For a given experimental technique, one can iden-
tify the temperature below which the system appears as
“static,” i.e., when the relaxation time 7 is equal to the
experimental measuring time 7,,. This identifies the so-
called blocking temperature T’

KegV

Tp= 7
B ks In (tm/70)

®3)
Therefore, T depends on the measuring time and is pro-
portional to both the anisotropy constant and the parti-
cle volume. Above this temperature, the relaxation time
becomes shorter than the measuring one, the particle
moment thermally fluctuates, and the observed mag-
netization results in an average value over the measuring
time. This behavior is analogous to paramagnetism, but
with different time and magnetization scales, and, for this
reason, it is called “superparamagnetism” (SPM) [7, 9]. In
addition, interparticle interactions can eventually induce
a collective behavior among supermoments according to
a disordered spin-glass (SG)-like [10] or ordered ferro-
magnetic (FM)-like model [11].

Single-domain magnetic nanoparticles are not only a
platform to study magnetism at the nanoscale, but they
also offer peculiar properties at the base of a multitude
of technological fields, such as nanomedicine [12] (e.g.,
magnetic sensors [13], bio-imaging [14], drug deliv-
ery [15], therapeutic hyperthermia [16, 17]), ferrofluid
technology [18], catalysts [19], color imaging [20], high-
density magneto recording [21], and, recently, they have
found an important role in thermoelectric systems [22,
23]. Moreover, a renewed interest in nanoparticle-based
magnetic systems is driven by their potential use for 3D
magnonic metamaterials [24, 25], in particular exploiting
the self-assembling of interacting magnetic nanoparticles
[26, 27]. In this framework, understanding the physics of
magnetic nanoparticles and controlling their magnetic
properties represent hot topics of large technological
importance.

For bulk materials, the effective anisotropy is mainly
determined by the magnitude and symmetry of the crys-
tallographic anisotropy (magneto-crystalline anisotropy)
[28]. According to Eq. 1, the effective anisotropy energy
has a direct dependence on the average particle volume
[29]. However, at the nanoscale, an additional level of
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complexity emerges at the particles’ surface [30]. Here,
the breaking of the lattice symmetry induces a reduction
in the local atomic coordination number, due to missing
atoms, leading to a significant modification of the bulk
magnetic order, which is very sensitive to any variation
of distance/angle among atomic moments. Hence, this
translates into distinct surface properties such as lower
saturation magnetization and higher anisotropy [31-33].
In addition, oxidation phenomena can extend from the
surface to the core, gradually changing the structural and
magnetic properties [34]. The emergence of the surface
anisotropy is strictly connected to the breaking of the
crystal lattice and hence to the shape of the nanoparti-
cles [35]. Interestingly, the recent work of Mamiya et al.
[36] has compared spherical, cubic, and octahedral par-
ticles, with sizes above 7 nm, observing that the shape
anisotropy still plays a minor role compared to the mag-
netocrystalline one. Anyway, upon reducing particle size
to a few nanometers, the surface anisotropy contribution
can overcome the bulk magneto-crystalline one, signifi-
cantly increasing the overall effective anisotropy value [6]
and widening its distribution [37]. Such surface effects
are intrinsic to the nanoscale, and they are present even
in particles with high crystal quality [38]. On the other
hand, surface effects can be exploited even in larger mag-
netic nanostructures controlling the growth of thin sur-
face layers [39].

The surface properties of magnetic NPs can be tuned
by employing a coating of organic molecules. By select-
ing the proper ligand, surfactant agents can improve the
atomic coordination on the surface, repairing the missing
bonds, with significant effects on the magnetic proper-
ties, such as a controlled decrease of anisotropy and an
increase of saturation magnetization [31, 40, 41]. The
organic coating can also be effective in protecting par-
ticles from oxidation, in dispersing them in a specific
solvent, in avoiding aggregation in ferrofluids, and in
functionalizing them for specific purposes (e.g., in bio-
medicine through biocompatible ligands) [41].

Despite the numerous observations evidencing the
strong influence of surface phenomena and the effect
of organic coatings, the use of magnetic nanoparticles
in technological applications requires a more quantita-
tive approach to investigate the emergence of surface-
dominated regimes, and to quantify the effect of organic
surfactants on the surface magnetic disorder. To shed
light on this complex scenario, in the present work, we
investigate the interplay between the volume and the
surface magnetic properties on four ensembles of spi-
nel iron oxide particles. These samples serve as a model
system for small magnetic nanoparticles. In addition,
spinel iron oxides, offering chemical and thermal stabil-
ity, as well as rich crystal chemistry for fine-tuning the
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magnetic properties, represent a versatile material of
large technological relevance [42—45]. The samples have
been prepared by high-temperature thermal decompo-
sition (HTD) of acetylacetonate precursors, a synthesis
method that provides a high level of control over the
structural and physical properties of magnetic NPs [46,
47]. The average particles’ size of the samples has been
tuned in the range of ~ 5-13 nm, where the variation of
the surface/volume ratio leads to the emergence of sig-
nificant surface/interface effects. In order to draw the
boundary between the bulk volume-dominated and the
surface-dominated regime, we have carried out a com-
bined analysis of the magnetic properties investigated by
SQUID magnetometry and of the magnetic structure by
Mossbauer spectrometry with a large applied magnetic
field. In addition, to study the effect of organic coating,
highlighting its effect on the surface magnetic disorder,
three of the samples (MAG1, MAG2, MAG3) have been
synthesized using an oleic acid (OA) coating, while one
(MAG4) has been prepared without OA.

Experimental

Synthesis

To prepare 5-nm spinel iron oxide nanoparticles,
iron(III) acetylacetonate (Janssen Chimica 99%, 2 mmol),
1,2-hexadecanediol (Sigma-Aldrich 97%, 10 mmol), oleic
acid (Sigma-Aldrich 90%, 6 mmol), oleylamine (Sigma-
Aldrich <70%, 6 mmol), and phenyl ether (Sigma-Aldrich
99%, 20 ml) were mixed into a three-neck, round-bot-
tom flask and magnetically stirred. The mixture was
heated gradually to 200 °C and kept at this temperature
for 30 min. Then, the temperature was increased rap-
idly up to 300 °C, and the mixture was kept at this tem-
perature for 30 min under reflux. The starting solution
changed color from orange-red to dark black, suggest-
ing the formation of magnetite nanoparticles. The mix-
ture was cooled to room temperature by removing the
heat source. Ethanol (40 ml) was then added to destabi-
lize the mixture, and the black product was separated via
centrifugation. After several washing cycles with etha-
nol, the powder was finally dispersed in hexane. Before
magnetic measurements, the dispersion was destabilized
once again with ethanol, recovered by centrifugation, and
dried at 40 °C overnight to evaporate residual alcohol.

With the same method, 7-nm spinel iron oxide nano-
particles (MAG2) were prepared but using benzyl ether
(20 ml) instead of phenyl ether. For this sample, the reflux
time was 2 h at 200 °C and 1 h at 300 °C.

For 8-nm spinel iron oxide nanoparticles (MAG3),
iron(III) acetylacetonate (2 mmol) was added to a hexane
solution containing 84 mg of MAG2 particles that acted
as seeds for the growth of larger particles. The synthesis
procedure was the same as MAG2.
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For 13-nm spinel iron oxide nanoparticles (MAG4),
iron(III) acetylacetonate (3 mmol) and oleylamine
(45 mmol) were mixed in benzyl ether (15 ml) and kept
under reflux for 1 h at 110 °C, and for 1 h at 300 °C.

Measurements and Data Treatment

X-ray diffraction (XRD) analysis was carried out using a
Seifert diffractometer with a 8- Bragg—Brentano geome-
try, with Cu-K, wavelength. The samples, in form of pow-
der, were analyzed on a zero-background silicon holder
in the 20 range of 25—70°.

For transmission electron microscopy (TEM) analysis,
the samples’ powders were dispersed in octane and sub-
mitted to an ultrasonic bath. Then, the suspensions were
dropped on carbon-coated copper grids and observed
with a JEOL 200CX microscope, operating at 200 kV.
High-resolution (HR) TEM images were obtained with a
JEM 2010 UHR microscope equipped with a Gatan Imag-
ing Filter (GIF) and a 794 slow-scan CCD camera. The
recorded images were analyzed with the software Image]
[48]. The contours of more than 200 particles were man-
ually defined for each sample, and, thanks to the auto-
mated measurement suite of the software, the exact
particle’s projected area was measured. Then, assuming a
spherical particle shape and knowing the area value, the
diameter D was calculated for each particle. A particle
size distribution was calculated, with a bin size of 1 nm,
compatible with the Sturges’ rule [49], except for MAG4,
where the rule application shows its limitation and
results in over smoothing the distribution [50]. Finally, a
log-normal function was fitted to the size distribution:

A In® (D/ DTEM)

P=—"—exp—
Dw/27 P 2w?

(4)

where A is the area of the peak, w, the standard deviation
of the natural logarithm of the variable D, and <D-pp\>
is the median of the log-normal distribution, which gives
an estimation of the average particle size. To estimate the
broadening of the particles’ size distribution of the sam-
ples, the coefficient of variation (COV) was calculated
[51]. The latter represents the ratio between the standard
deviation and the mean of particle size, which, for a log-
normal distribution, corresponds to:

COV =vVe" —1 (5)

The exact fraction of the magnetic phase (i.e., free of
surfactant) was determined by thermogravimetric analy-
sis and simultaneous differential thermal analysis (TGA-
SDTA) measurements performed using a Mettler-Toledo
TGA/SDTA 851. The data were collected in the range of
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25-1000 °C with a heating rate of 10 °C min~' under oxy-
gen flow (flow rate of 50 ml/min).

’Fe Mossbauer spectra were recorded using a %’Co/
Rh y-ray source mounted on an electromagnetic trans-
ducer with velocity modulated according to a triangular
waveform. The samples consist of a thin layer of pow-
der pressed inside a sample holder. The spectra were
obtained at 10 K in an 8 T field oriented parallel to the
y-beam. The data were analyzed by using the program
Mostit. The hyperfine structure was modeled by means of
a least-square fitting procedure involving Zeeman sextets
composed of Lorentzian lines. To describe the broaden-
ing of lines, several magnetic subcomponents were con-
sidered. Isomer shift, quadrupolar shift, line width, and
effective field values were free during the refinement as
well as the intensities of intermediate lines (2,5) result-
ing from the angle between the hyperfine field and the
y-beam. The ratio of the absorption areas of external/
internal lines was systematically fixed to 3. The isomer
shift (IS) values were referred to that of a-Fe at 300 K.

DC magnetization measurements were performed
by a Quantum Design MPMS 5 and a PPMS DynaCool
magnetometers. For the magnetization vs temperature
analysis, the zero field cooled (ZFC) and field cooled
(FC) procedures were followed. To perform ZFC meas-
urements, the sample is first cooled from room tempera-
ture to 5 K in zero field; then, the magnetization (M)
is recorded warming up from 5 to 300 K, with a static
applied magnetic field of 2.5 mT. With the same magnetic
field applied, the Mg was recorded during the subse-
quent cooling from 300 to 5 K.

M versus H curves were measured in the interval 5 T
of applied field at the temperature of 5 K. The satura-
tion magnetization Mg was extrapolated fitting the law of
approach to saturation to the curves at high field [52]:

M=Ms|(1 A B
- S(‘H‘Hz> ©)

where A and B are constant parameters. The field depend-
ence of the remanent magnetization was measured using
the IRM (isothermal remanent magnetization) and DCD
(direct current demagnetization) protocols. According to
the IRM protocol, the sample, in a demagnetized state,
was cooled in a zero magnetic field down to 5 K. A small
magnetic field was applied for 10 s and, after switching
it off, the corresponding remanent magnetization was
recorded. The process was repeated using increasing field
steps up to +5 T. In a DCD measurement, the sample,
cooled at 5 K, is first saturated in a —5 T field applied
for 10 s. Then, the remanence was measured similarly to
the IRM protocol, but increasing the field from —5 T to
+5T.
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Results and Discussion

All samples exhibit a crystalline structure characteristic
of spinel iron oxide (Additional file 1: Fig. S1). However,
the XRD pattern alone cannot discriminate between
magnetite (Fe;O,, PDF card 19-0629) and maghemite
(y-Fe,O5, PDF card 25-1402). Despite the two crystal-
line structures should present different lattice parameters
(y-Fe,05~0.833 nm, Fe;O,~0.840 nm), our samples
show intermediate values ranging from about 0.835 to
0.840 nm without any visible trend among them. The
presence of distortion at the nanoscale, non-ideal cati-
onic distribution, and vacancies can significantly affect
this value, preventing identifying unambiguously the two
crystalline phases. Mossbauer spectrometry (reported
later) will confirm the maghemite nature of the samples.
The high crystallinity of particles is evident from the
HR-TEM images (Fig. 1); it is worth noting that sample
MAGS3, prepared by a seed-mediated growth process,
does not exhibit defects in the crystalline structure due
to the shell growth. This will be confirmed later also by
the magnetic characterization, very sensitive even to
small internal structural inhomogeneities and/or strain
effects [53]. Samples MAG1, MAG2, and MAG3 show
almost spherical particles and narrow size distribu-
tion (Fig. 1a—c), while MAG4 owns particles with more
irregular shapes (Fig. 1d) and broader size distribution
as evidenced by the large value of the coefficient of vari-
ation (Table 1). This highlights that the mixture of oleic
acid-oleylamine-hexadecanediol used to prepare the first
three samples is effective in tuning the morphology of
particles.

Evolution of Magnetic Anisotropy

The evolution of the zero field cooled (ZFC) and field
cooled (FC) curves reported in Fig. 2 offers a first over-
view of the dependence of the anisotropy energy on the
average particle volume. For an ensemble of non-inter-
acting particles with equal size, the temperature cor-
responding to the maximum of the ZFC curve (T,,,,)
is equivalent to the blocking temperature (Tp), which
is proportional to the particles’ volume. However, the
unavoidable presence of a volume distribution shifts
the peak position to a higher temperature [1]. The irre-
versibility temperature (T, taken as the temperature
at which the difference between FC and ZFC becomes
smaller than 3%) is related to the blocking of the parti-
cles with the highest anisotropy (the biggest particles, if
the magnetocrystalline anisotropy is dominant) [54]. As
expected, both T, . and T;, show a general increment
with increasing particles’ size (Table 1), and for MAG4,
they are above room temperature, due to the large par-
ticles’ size. The FC magnetization curve shows a rapid
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Fig. 1 TEM images of MAG1 (a), MAG2 (b), MAGS3 (c), and MAG4 (d), with inset high-resolution images of single particles representative of the
morphology and crystallinity of the samples. The corresponding particles'size distributions are reported in panels e, f, g, and h for MAG1, MAG2,
MAGS3, and MAG4, respectively. The frequency counts of the measured size are represented as blue spheres, while the continuous red line describes

Table 1 Average particles diameter <Dqg,> , polydispersity
evaluated as the coefficient of variation (COV), the temperature
corresponding to the maximum of the ZFC curve (T,,,,), and the
irreversible temperature between ZFC and FC curves (T;,) are
reported

Sample <Drgp> (nm) COV (%) Tnax (K) Tirr (K)
MAG1 54(1) 0.17(1) 17(1) 100(20)
MAG2 6.8(1) 0.12(1) 20(1) 200(30)
MAG3 79(1) 0.17(2) 53(2) 200(20)
MAG4 13.5(3) 0.35(4) - -

For MAG4 these two temperatures are above 300 K, the maximum value
employed for the measurements

'hax (@ccording to a Curie-like behavior)
for MAG1 and MAG?2, a slower increase (slope decreas-
ing with decreasing temperature) for MAG3, and a very
weak temperature dependence range for MAG4 without
showing a maximum in ZFC magnetization. This sug-
gests a change from non-interacting or weakly interact-
ing particles’ behavior (for MAG1 and MAG?2) to that of
moderately interacting particles (for MAG3), to collec-
tive magnetic behavior, where interparticle interactions
are dominant (for MAG4). Interparticle interactions pro-
vide an additional contribution to the effective magnetic
anisotropy and then to the 7, and T} values [55].

The magnetization versus field M(H) curves meas-
ured at 5 K (Fig. 3a, b and data in Table 2) show

increase below T,



Muscas et al. Nanoscale Research Letters (2022) 17:98

Page 6 of 13

150 200
T(K)

250

T T T T T T
50 100 150

T (K)

T T T T T
0 50 100 300 0 200 250 300

T T T T T T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T(K)

Fig. 2 ZFC (empty circles) and FC (full circles) curves for samples MAGT1 (a), MAG2 (b), MAG3 (c), and MAG4 (d), measured with an applied field of
2.5mT

40
80 i I~
T T £ 30
e g
404 (a) 401 K-/ 1 :gf 201
R ) ] 10 -
3? 20 (c)
20 g 0 0 T T T
-~ <
3 < 220 g 300 L
> s ’J —
x .40 4 =
S — g 3
g 60 ] . 200 L
< Y
~ -80 E By &
= 0 i, ARV woy ¢ (d)
HoH (T) 1.0 T ! ! L
- 1
-40 4 4 % ~
Legend < RS 05 L
— — T —O0— MAG1 SNZ
-100 -50 0 50 100 —O—MAG2 s £
HoH (mT) —4—MAG3 00] @ (e) [
v—MAG4 0 500 1000 1500
V (nm’)

Fig. 3 a A magnification at low field of the M versus H curves measured at 5 K for all samples with b the full range of measurement. The size

dependence of coercive field (LyH,), anisotropy field (uyH.), and the high-field susceptibility (dM/du,H) measured at 5T are reported in panels ¢, d,
and e, respectively, with lines used as a guide to the eye

hysteretic behavior due to the blocked state of the
particles’ moment. From the curves, both the coercive
field H and the anisotropy field H, are estimated. The

coercive field is related to the effective average anisot-
ropy energy of the particles. The anisotropy field (H,)
is the field corresponding to the merging of the up and
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Table 2 Saturation magnetization (M), coercive field (uyH),
anisotropy field (uyH,), and magnetic susceptibility (dM/dpH) at
5T

Sample Ms(Am?kg™") poHc(mT)  poH, (mT) dM/dpHat5T
(Am?kg 'T")

MAG1 48(2) 7(1) 310(70) 0.70(9)

MAG2 54(2) 7(3) 100(60) 0.014(9)

MAG3 51(2) 30(6) 140(90) 0.011(7)

MAG4 75(2) 36(6) 230(90) 0.90(9)

down branches of the magnetization curves, here esti-
mated as the field at which their difference is below 1%
of their maximum value.

The coercive field increases with increasing the particle
size with a non-monotonous trend. On the other hand,
the anisotropy field first sharply decreases from MAG1
to MAG2 and then increases with increasing size. The
observed values, as well as those of T, ,, and T;,,, indicate
that the volume of the particles plays an important role
on the effective magnetic anisotropy [56]. However, since
H¢ and H, do not follow a linear trend with respect to
the particle volume, as it would be expected from Eq. 1,
this suggests the presence of an additional contribution
to the anisotropy, the relative role changing with the par-
ticle size.

For a better understanding of the evolution of anisot-
ropy with the particle size, the volume dependence of the
high-field susceptibility dM/dpu,H, measured at 5 T, has
been analyzed (Fig. 3e). Its value, proportional to the ani-
sotropy of the canted surface spins [57], reproduces quite
well the anisotropy field trend. It strongly decreases from
MAG] to MAG2 and remains stable for MAGS3, indicat-
ing a much more important role of surface anisotropy in
the smallest particles. MAG4 exhibits the largest value,
potentially connected to an extended magnetic sur-
face disorder. The OA used for the synthesis of the first
three samples, due to its nature as a m-acceptor [58, 59],
increases the crystal field splitting energy, thus reducing
the spin-orbit coupling and so the local surface anisot-
ropy [41, 60]. This can explain the low values of high-field
susceptibility recorded for MAG2 and MAG3 samples
coated by OA, and the large value of MAG4, being this
synthesized and eventually coated only with oleylamine,
which owns a donor nature with an opposite effect with
respect to OA [58, 60], Besides, the irregular multifaced
morphology of MAG4 particles could further enhance
the surface contribution by introducing additional shape
anisotropy. On the other hand, such anisotropy should
not be determinant since MAGI, coated by OA and con-
sisting of regular spherical particles, shows the second
largest value of dM/dp,H. This can be the signature of
the crossover from a magnetic regime dominated by the
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volume contribution, to a new one controlled by the sur-
face phenomena.

Interparticle Interactions

For samples MAG1, MAG2, and MAG3, the presence of
the OA coating sets an average interparticle distance that
prevents any direct contact and thus exchange interpar-
ticle interactions [61]. On the other hand, direct contact
and exchange interaction are not excluded for the parti-
cles of MAG4, partially coated by oleylamine (Additional
file 1: Sect. S1). In an ensemble of randomly distributed
nanoparticles with average magnetic moment y,; and
average separation d, the energy due to dipole—dipole
interactions can be approximated to [62]:

~ MO H’Iz\][’ (7)

The mean value of dipolar energy E, is calculated
using Eq. 7 assuming a point dipole model, i.e., consid-
ering d as particles’ center-to-center distance, including
the thickness of the OA coating of about 2 nm [59], and
defining the magnetic moment of a single-domain parti-
cle as pyp=~M; V. The results are reported as a function
of volume in Fig. 4. The IRM and DCD curves provide
an additional picture of the interaction regime (Addi-
tional file 1: Fig. S3). For non-interacting single-domain
particles with uniaxial anisotropy and magnetization
reversal by coherent rotation, the two remanence curves
are related via the Wohlfarth equation [63]. To explicitly
reveal deviations from a non-interacting case, Kelly et al.
[64] proposed the equation in the form:

AM = mpcp(H) — 1 4 2mirm(H) (8)

where mpcp(H) and mgy(H) represent the reduced
terms Mpcp(H)/Mpcps 1) and Migy(H)/Mipyys ) with
Mpcpis 1) and Mpys 1) being the remanence values
for a reversal field of 5 T for the DCD and IRM curves,
respectively.

All the investigated samples show a strong negative
deviation (Fig. 4a), due to demagnetizing effects resulting
from magnetic dipolar interparticle interaction [65]. It is
interesting that even for MAG4, showing the largest neg-
ative AM deviation, dipolar interactions clearly dominate
even on possible exchange interactions. The amplitude of
the negative peaks in the graph, proportional to the effect
of the magnitude of the interaction on the reversal field
[46], shows an interesting anomaly. While the Ey;, pre-
dicted for the samples exhibits a monotonous trend as a
function of particle volume (Fig. 4b), the intensity of the
AM plots (Fig. 4c) shows an unexpected high interacting
regime for MAG1. Additional negative contributions to
the AM plots can arise from strong magnetocrystalline
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anisotropy with cubic symmetry [66]. However,
nanoscale finite-size effects usually suppress such sym-
metry, as we can observe in our samples. Indeed, the
M(H) shows a ratio between remanence and saturation
magnetization well-below the theoretical cubic anisot-
ropy value of 0.83 [67]. A more likely explanation for such
an anomaly is the presence of a surface shell with canted
spins with distinct magnetic anisotropy. Recently, a simi-
lar experimental observation, confirmed also by Monte
Carlo simulations, has been explained with the coupling
between a magnetically disordered surface shell and an
ordered core, responsible for an additional negative con-
tribution to AM plots [65]. A similar effect has been also
observed in bi-magnetic exchange-coupled systems [68].
Noteworthy, the comparison of interparticle interactions
in the set of samples under investigation requires special
care, due to the different average magnetic anisotropy in
each sample. Indeed, the experimental observations are
the results of the combined effect of the interparticle
interaction energy and the effective single particle anisot-
ropy energy and their specific ratio [69, 70].

Magnetic Structure and Magnetic Anisotropy

High-field Mossbauer spectrometry measurements [71,
72] provide detailed information on the magnetic struc-
ture also in nanostructured systems [73]. The spectra
were recorded at 10 K applying a magnetic field of 8 T
parallel to the y-ray direction (Fig. 5). Under these con-
ditions, the temperature is low enough to suppress the
thermally activated magnetization switching and the
spectra show a magnetic hyperfine component indicating
that the particle moments are in the blocked state. Using
a high applied magnetic field during the measurements,
the fitting to the experimental data allows distinguishing

two sextets associated with Fe in tetrahedral 7, and
octahedral O, sites of the spinel structure [74, 75]. The
applied field is usually added to the T, site hyperfine
field and subtracted from the O, site, being negative the
dominant Fermi contact term. Since the magnetic field is
applied parallel to the y-ray direction, the nonzero inten-
sity of the second and fifth lines of the sextet provides
evidence of a canted magnetic structure [75, 76] (see
Additional file 1: Sect. 3, for additional details).

From the modeling of the in-field Mdssbauer spectra, a
direct estimation of the hyperfine parameters (i.e., hyper-
fine field, isomer shift, quadrupole shift), effective field
B.g and the spin canting angle (6, angle defined by the
direction of the effective field and the y-beam direction)
have been obtained for both T and O, iron components.
Hyperfine field and isomer shift values are typical of
maghemite nanoparticles for all the samples (i.e., all iron
is oxidized to Fe*", and vacancies are distributed in both
T, and Oy sites in place of Fe*") [77].

All samples display spin canting even if with a dif-
ferent magnitude: MAG2 and MAG3 present the low-
est values of canting, MAG4 shows a significantly
larger value, but MAG1 shows the largest mean cant-
ing angle (Table 3). This would indicate that in so small
particles (= 5 nm), the surface-disordered structure
extends to a large fraction of the particle volume so
that the magnetic behavior is actually dominated by
the surface-induced effects, as evidenced by its large
value of anisotropy field. Further confirmation of this
crossover to a surface-dominated regime comes from
another interesting phenomenon. The M(H) curve
recorded at 5 K after cooling the sample in a field of
1 T shows exchange bias, e.g., a negative horizontal
shift of —6.2(8) mT (Fig. 6). Such behavior is due to the
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Table 3 From the fitting of Mossbauer spectra, the % area of
each component, their mean individual isomer shift (6), mean

hyperfine field (8,9, and the average canting angle (6,,) are
evaluated
Sample Site % S(mms) By (T) Ocant () £ 10°
MAG1 Ty 39 041 505 38
Op, 61 049 51.2
MAG2 Ty 39 0.36 526 19
0, 61 049 529
MAG3 Ty 38 0.32 529 22
0, 62 048 536
MAG4 T, 38 0.33 53.0 28
Oy 62 049 532

For more details about hyperfine parameters, like mean individual quadrupolar
2¢ shift and mean canting angle, see Additional file 1: Table S1in SI

exchange coupling between a disordered frozen surface
and the interior core of the particles [65]. Interestingly,
Levy et al. [53] noted an exchange bias effect in 8 nm
particles prepared by seed-mediated growth similarly

20 T T T T T

—o—7FC
10 ——FcatiT

M(Am kg'l)

T
0.01

0.00

0.02

HH (T)
Fig. 6 Low-field magnification of M(H) loops recorded at 5 K after
cooling the sample MAG1 from 300 K in zero field (black line and
circles)and in 1T (red line and triangles). In the inset, the extended
field range of measurement

to MAG3. It was justified by the presence of internal
strain linked to inhomogeneous shell growth occurring
at multiple nucleation sites. To verify this phenomenon
on MAG3, we have recorded M(H) curve after field
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cooling such as for MAG1. However, no sign of bias
has been observed (Additional file 1: Fig. S5), possibly
due to the higher final temperature used for the growth
of our sample (300 vs. 250 °C), which induced a more
coherent growth of the shell resulting in a homogene-
ous structure.

To explain the complex magnetic structure of magh-
emite emerging from Mossbauer spectrometry, Coey
[76] proposed the nanoparticle model of a magnetically
ordered core surrounded by a disordered/canted shell.
This model has been extensively applied to interpret
experimental data [29, 30, 33, 78—80] and confirmed by
simulations [81, 82]. In particular, recent works by Kry-
cka et al. [30] and Negi et al. [79] probed, by different
experimental techniques, the presence of a 1-nm-thick
disordered shell on spinel iron oxide nanoparticles.
Assuming perfect collinear spins in the core and canted
spins localized only on the particles’ surface, we can
estimate the thickness ¢ of such canted shell from
the particle diameter and the average canting angle
extracted from Mossbauer data [75] (detailed descrip-
tion in Additional file 1: Sect. 3.1):

t 1 1 3'219 s b 9
= - — —sin —
5 5 )

MAGA4, due to the absence of OA, has the thickest
disordered shell, ~ 0.8 nm. MAG2 and MAG3 display
the smallest values of £, ~ 0.2, and & 0.3 nm, respec-
tively, in agreement with their small average cant-
ing angle and high-field susceptibility. As observed by
Salafranca et al. [33], OA restores a large part of the
lost local coordination at the surface. Interestingly,
our analysis allows us to quantify that the thickness
of the disordered shell is reduced by more than half.
Finally, despite the OA coating, MAG1 owns a value of
t ~ 0.7 nm. It is worth mentioning that the estimated
thickness values translate into a canted spin struc-
ture involving around 20% of the total particle vol-
ume for MAG2 and MAG3, 30% for MAG4, and 60%
for MAGI. This can explain why the latter shows an
overall magnetic behavior strongly dominated by the
surface canted structure. Indeed, its relative extension
is large enough to represent a distinct magnetic phase
coupled with the ordered magnetic core, resulting in an
exchange bias effect.

The value of coercivity provides an estimation of the
strength of the magnetic field needed to reverse the
bulk of the magnetization. In this sense, the increase in
particle volume is the dominating factor, which deter-
mines the increment in the values. On the other hand,
the anisotropy field represents the extra resistance
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to overcome to partially realign the canted spins, as
recently observed by Zakutnda et al. [80] This explains
why MAG1 exhibits the lowest coercive field, due to
the smallest particle volume among the samples, but
also the largest value of anisotropy field, caused by the
large fraction of total volume represented by the canted
surface. This demonstrates that by reducing the parti-
cle’s size from 7 nm of MAG2 to 5 nm of MAGI, the
boundary between the volume and surface-dominated
regimes has been overcome, and the magnetic behav-
ior of such particles is effectively dominated by the
finite-size effects. Interestingly, this observation agrees
pretty well with the investigation of Bakuzis et al. [83]
on MnFe,O,, where the surface magnetic anisotropy
emerged strongly for particle size below 6 nm, and also
with the work of Mamiya et al. [36] on Fe;O,, where
the surface anisotropy plays a minor role for size above
7 nm. A tentative explanation for the limited effect of
OA on MAGI can be proposed based on the reduced
radius of curvature of such particles. This can poten-
tially enhance the surface crystalline distortions, and, at
the same time, it can limit the regular layer of oleic acid
attached to the surface and hence its capability of reor-
dering the surface distortions.

Conclusions

We have investigated ensembles of maghemite nanopar-
ticles with an average size in the range of 5-13 nm corre-
lating the analysis of their magnetic properties with their
specific structure.

Following the conventional Stoner—Wohlfarth model,
the anisotropy energy governs the reversal of non-
interacting particles, and this energy increases linearly
with the particle volume. However, the investigated
samples do not follow this trend. Indeed, observing the
coercive and anisotropy field values as a function of
volume, additional anisotropy terms emerge. The sur-
face anisotropy becomes more influential with decreas-
ing size, becoming dominant for MAGI, the sample
with the smallest particles. Interparticle and intrapar-
ticle (i.e., exchange coupling between magnetically
ordered core and disordered shell) interactions also
contribute to the effective anisotropy, increasing with
increasing the particle size, even more for MAG4 due
to the lack of oleic acid coating. Mdssbauer spectros-
copy under an intense magnetic field allows clarifying
the magnetic structure of the samples. All the samples
exhibit a surface canted structure, which, due to its
intrinsic high anisotropy, partially aligns only under
high applied fields, as evidenced by the anisotropy field
and high-field susceptibility values. In this picture,
the oleic acid coating plays an important role. MAG4
(13.5 nm particles) is the only sample without oleic acid
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coating and exhibits the thickest magnetic disordered
shell, which accounts for ~ 30% of the total particle
volume. Its effect is clearly observed in the high values
of anisotropy field and high-field susceptibility. Reduc-
ing particle size to 7.9 and 6.8 nm (MAG3 and MAG2,
respectively), the relative disordered volume should
increase. However, the OA coating on these samples
replaces the missing bonds of surface cations, partially
restoring their bulk coordination. The thickness of their
disordered magnetic shell is then minimized to = 0.3
and 0.2 nm, respectively. Therefore, the anisotropy field
and high-field susceptibility are greatly reduced. Below
about 6 nm, the OA capability of restoring the local
structure appears reduced, due to the higher degree
of disorder. Indeed, despite the same OA coating, the
5.4-nm particles of MAGI exhibit a disordered shell of
~ 0.7 nm. This represents &~ 60% of the total particle
volume. Such a large fraction is not only responsible for
the largest anisotropy field among the samples, but also
represents a second “hard” magnetic phase that pins
the spins of the “soft” core, inducing the exchange bias
phenomenon.

This work evidences a crossover between volume
and surface-driven properties of magnetic nanostruc-
tures, identifying it in the range of 7-5 nm for spinel
iron oxide nanoparticles. Our investigation precisely
quantifies the degree and extension of the surface mag-
netic disorder and analyzes the effect of the commonly
employed oleic acid coating. Moreover, our results are
not limited to maghemite nanoparticles, but the meth-
odology and the general conclusions apply to all nan-
oparticle-based magnetic systems. This is enormously
important since understanding and quantifying the role
of the surface/interface of ultra-small systems is crucial
for any technological application.

Abbreviations

NPs: Nanoparticles; SPM: Superparamagnetism; SG: Spin-glass; FM: Ferromag-
netic; HTD: High-temperature thermal decomposition; OA: Oleic acid; XRD:
X-ray diffraction; TEM: Transmission electron microscopy; HR: High resolution;
COV: Coefficient of variation; TGA-SDTA: Thermogravimetric analysis and simul-
taneous differential thermal analysis; IS: Isomer shift; ZFC: Zero field cooled;

FC: Field cooled; IRM: Isothermal remanent magnetization; DCD: Direct current
demagnetization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/511671-022-03737-w.

Additional file 1: Supporting information including: XRD patterns,
TGA-SDTA data and analysis, IRM and DCD data and method, details on
Maossbauer spectrometry in high magnetic field, sample MAG3 ZFC and
FC hysteresis curves at 5 K.

Page 11 of 13

Acknowledgements
C.G, F.C,and G. M. acknowledge the CeSAR (Centro Servizi d'Ateneo per la
Ricerca) of the University of Cagliari (Italy) for the magnetometry experiments.

Author contributions

GM performed the structural and magnetic characterization, analyzed and
interpreted the data, and wrote the manuscript draft. FC and GC contributed
to the data analysis and to write the manuscript. CC and VM synthetized the
samples. NY and RSH performed the Méssbauer measurements and data
analysis. DF and SS contributed to the data interpretation and to write the
manuscript. DP conceived and supervised the study, contributed to the data
interpretation, and to write the manuscript. All authors contributed to the
discussion and reviewed the final manuscript.

Funding

G. M. acknowledges the financial support from the PON AIM program (Project
AIM1809115-3). CESA project RAS-Piano Sulcis and PON AIM (PON Ricerca e
Innovazione 2014-2020-Azione 1.2-DD n. 407 del 27 Febbraio 2018 "Attrac-
tion and International Mobility," Cult-GeoChim project AIM1890410-3) are
acknowledged for the fellowship of V. Mameli. F. C. thanks Project PRIN 2017
“TOPSPIN"(20177SL7HC_003), funded by the Italian Ministry of University and
Research (MUR).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

Authors declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work reported
in this paper.

Author details

'Department of Physics, University of Cagliari, Cittadella Universitaria Di
Monserrato, S.P. 8 Km 0.700, 09042 Monserrato, CA, Italy. 2Universita Degli
Studi Di Cagliari, Dipartimento Di Scienze Chimiche E Geologiche, and INSTM,
Cittadella Universitaria Di Monserrato, S.P. 8 Km 0.700, 09042 Monserrato, CA,
Italy. 3IMMM, Le Mans Université, CNRS UMR-6283, Avenue Olivier Messiaen,
72085 Le Mans, France. “Department of Physics, Faculty of Science, Lebanese
University, Beirut, Lebanon. *Dipartimento Di Chimica E Chimica Industriale,
Universita Degli Studi Di Genova, Via Dodecaneso 31, 1-16146 Genoa, Italy.
8istituto Di Struttura Della Materia-CNR, 00015 Monterotondo Scalo, RM, Italy.

Received: 14 July 2022 Accepted: 2 October 2022
Published online: 11 October 2022

References

1. Morup S, Hansen MF, Frandsen C (2011) Magnetic nanoparticles. In:
Andrews DL, Scholes GD, Wiederrecht GP (eds) Comprehensive nanosci-
ence and technology. Elsevier, Amsterdam, pp 437-491

2. Néel L (1949) Théorie du trainage magnétique des ferromagné-
tiques au grains fin avec applications aux terres cuites. Ann Géophys
5(1949):99-136

3. Dormann JL, Fiorani D, Tronc E (2007) Magnetic relaxation in fine-particle
systems. Advanced in chemical physics. Wiley, New York, pp 283-494

4. Binns C (2014) Nanomagnetism: fundamentals and applications. Elsevier,
Oxford

5. Suber L, Peddis D (2009) Approaches to synthesis and characterization
of spherical and anisometric metal oxide magnetic nanomaterials. In:
Nanomaterials for the life sciences. Wiley, New York


https://doi.org/10.1186/s11671-022-03737-w
https://doi.org/10.1186/s11671-022-03737-w

Muscas et al. Nanoscale Research Letters

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2022) 17:98

Batlle X, Labarta A (2002) Finite-size effects in fine particles: magnetic and
transport properties. J Phys D Appl Phys 35:R15-R42. https://doi.org/10.
1088/0022-3727/35/6/201

Peddis D (2014) Magnetic properties of spinel ferrite nanoparticles:
influence of the magnetic structure. In: Trohidou KN (ed) Magnetic nano-
particle assemblies. Pan Stanford Publishing, Redwood City, pp 159-198
Brown WF (1963) Thermal fluctuations of a single-domain particle. Phys
Rev 130:1677-1686. https://doi.org/10.1103/PhysRev.130.1677

Bedanta S, Kleemann W (2009) Supermagnetism. J Phys D Appl Phys
42:013001. https://doi.org/10.1088/0022-3727/42/1/013001

De Toro JA, Lee SS, Salazar D et al (2013) A nanoparticle replica of the
spin-glass state. Appl Phys Lett 102:183104. https://doi.org/10.1063/1.
4804187

. Mearup S, Bo Madsen M, Franck J et al (1983) A new interpretation of

Mdssbauer spectra of microcrystalline goethite: “super-ferromagnetism”
or "super-spin-glass” behaviour? J Magn Magn Mater 40:163-174. https://
doi.org/10.1016/0304-8853(83)90024-0

Roca AG, Costo R, Rebolledo AF et al (2009) Progress in the preparation
of magnetic nanoparticles for applications in biomedicine. J Phys D Appl
Phys 42:224002. https://doi.org/10.1088/0022-3727/42/22/224002

Haun JB, Yoon T-J, Lee H, Weissleder R (2010) Magnetic nanoparticle
biosensors. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2:291-304.
https://doi.org/10.1002/wnan.84

Schultz-Sikma EA, Joshi HM, Ma Q et al (2011) Probing the chemical
stability of mixed ferrites: implications for magnetic resonance contrast
agent design. Chemof Mater 23:2657-2664. https://doi.org/10.1021/
cm200509g

Guardia P, Pérez N, Labarta A, Batlle X (2010) Controlled synthesis of iron
oxide nanoparticles over a wide size range. Langmuir ACS J Surf Colloids
26:5843-5847. https://doi.org/10.1021/1a903767¢

Thorat ND, Khot VM, Salunkhe AB et al (2013) Surface functionalized
LSMO nanoparticles with improved colloidal stability for hyperthermia
applications. J Phys D Appl Phys 46:105003. https://doi.org/10.1088/0022-
3727/46/10/105003

Sanna Angotzi M, MameliV, Cara C et al (2020) Coupled hard-soft spinel
ferrite-based core-shell nanoarchitectures: magnetic properties and heat-
ing abilities. Nanoscale Advances 2:3191-3201. https://doi.org/10.1039/
dOna00134a

Raj K, Moskowitz B, Casciari R (1995) Advances in ferrofluid technology. J
Magn Magn Mater 149:174-180. https://doi.org/10.1016/0304-8853(95)
00365-7

Kainz QM, Reiser O (2014) Polymer- and dendrimer-coated magnetic
nanoparticles as versatile supports for catalysts, scavengers, and reagents.
Acc Chem Res 47:667-677. https://doi.org/10.1021/ar400236y

Srivatsan TS (2012) Nanomaterials: synthesis, properties, and applications.
In: Edelstein AS and Cammarata RC (Eds). Materials and manufacturing
processes (vol 27, pp 1145-1145). https://doi.org/10.1080/10426914.
2012.689458

Skomski R, Manchanda P, Kumar PK et al (2013) Predicting the future of
permanent-magnet materials. IEEE Trans Magn 49:3215-3220. https://doi.
org/10.1109/TMAG.2013.2248139

Zhao W, Liu Z, Sun Z et al (2017) Superparamagnetic enhancement of
thermoelectric performance. Nature 549:247-251. https://doi.org/10.
1038/nature23667

Zhao W, Liu Z, Wei P et al (2017) Magnetoelectric interaction and trans-
port behaviours in magnetic nanocomposite thermoelectric materials.
Nat Nanotechnol 12:55-60. https://doi.org/10.1038/nnano.2016.182
Barman A, Gubbiotti G, Ladak S et al (2021) The 2021 magnonics road-
map. J Phys Condens Matter 33:413001. https://doi.org/10.1088/1361-
648X/abecla

Yuan HY, CaoY, Kamra A et al (2022) Quantum magnonics: When mag-
non spintronics meets quantum information science. Phys Rep 965:1-74.
https://doi.org/10.1016/j.physrep.2022.03.002

Okuda M, Schwarze T, Eloi J-C et al (2017) Top-down design of magnonic
crystals from bottom-up magnetic nanoparticles through protein arrays.
Nanotechnology 28:155301. https://doi.org/10.1088/1361-6528/aa62f3
Zingsem BW, Feggeler T, Terwey A et al (2019) Biologically encoded
magnonics. Nat Commun 10:1-8. https://doi.org/10.1038/
s41467-019-12219-0

Coey JMD (2010) Magnetism and magnetic materials. Cambridge Univer-
sity Press, Cambridge

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 13

. Demortiére A, Panissod P, Pichon BP et al (2011) Size-dependent proper-

ties of magnetic iron oxidenanocrystals. Nanoscale 3:225-232. https://
doi.org/10.1039/CONR00521E

Krycka KL, Borchers JA, Booth RA et al (2014) Origin of surface canting
within Fe;0, nanoparticles. Phys Rev Lett 113:147203. https://doi.org/10.
1103/PhysRevlett.113.147203

Muscas G, Yaacoub N, Peddis D (2018) Magnetic disorder in nanostruc-
tured materials. In: Domracheva N, Caporali M, Rentschler E (eds) Novel
magnetic nanostructures. Elsevier, pp 127-163

Vasilakaki M, Ntallis N, Yaacoub N et al (2018) Optimising the magnetic
performance of Co ferrite nanoparticles via organic ligand capping.
Nanoscale 10:21244-21253. https://doi.org/10.1039/C8NR04566F
Salafranca J, Gazquez J, Pérez N et al (2012) Surfactant organic molecules
restore magnetism in metal-oxide nanoparticle surfaces. Nano Lett
12:2499-2503. https://doi.org/10.1021/n1300665z

Andersen HL, Frandsen BA, Gunnlaugsson HP et al (2021) Local and long-
range atomic/magnetic structure of non-stoichiometric spinel iron oxide
nanocrystallites. [lUCrJ 8:33-45. https://doi.org/10.1107/5205225252
0013585

Noh S-H, Na W, Jang J-T et al (2012) Nanoscale magnetism control via
surface and exchange anisotropy for optimized ferrimagnetic hysteresis.
Nano Lett 12:3716-3721. https://doi.org/10.1021/n1301499u

Mamiya H, Fukumoto H, Cuya Huaman JL et al (2020) Estimation of
magnetic anisotropy of individual magnetite nanoparticles for magnetic
hyperthermia. ACS Nano 14:8421-8432. https://doi.org/10.1021/acsnano.
0c02521

Pérez N, Guardia P, Roca AG et al (2008) Surface anisotropy broadening of
the energy barrier distribution in magnetic nanoparticles. Nanotechnol-
ogy 19:475704. https://doi.org/10.1088/0957-4484/19/47/475704

Batlle X, Pérez N, Guardia P et al (2011) Magnetic nanoparticles with
bulklike properties (invited). J Appl Phys 109:07B524. https://doi.org/10.
1063/1.3559504

Moon SH, Noh SH, Lee J-HH et al (2017) Ultrathin interface regime of
core-shell magnetic nanoparticles for effective magnetism tailoring.
Nano Lett 17:800-804. https://doi.org/10.1021/acs.nanolett.6b04016
Ntallis N, Vasilakaki M, Peddis D, Trohidou KN (2019) Effect of organic coat-
ing on the charge distribution of CoFe,O, nanoparticles. J Alloy Compd
796:9-12. https://doi.org/10.1016/jjallcom.2019.05.042

Abdolrahimi M, Vasilakaki M, Slimani S et al (2021) Magnetism of nano-
particles: effect of the organic coating. Nanomaterials 11:1787. https://
doi.org/10.3390/nano11071787

Yang K, Yu G, Tian R et al (2021) Oxygen-evolving manganese ferrite
nanovesicles for hypoxia-responsive drug delivery and enhanced cancer
chemoimmunotherapy. Adv Func Mater 31:2008078. https://doi.org/10.
1002/adfm.202008078

DuY, Liu X, Liang Q et al (2019) Optimization and design of magnetic
ferrite nanoparticles with uniform tumor distribution for highly sensitive
MRI/MPI performance and improved magnetic hyperthermia therapy.
Nano Lett 19:3618-3626. https://doi.org/10.1021/acs.nanolett.9b00630
Pardo A, Pelaz B, Gallo J et al (2020) Synthesis, characterization, and
evaluation of superparamagnetic doped ferrites as potential therapeu-
tic nanotools. Chem Mater 32:2220-2231. https://doi.org/10.1021/acs.
chemmater.9b04848

Vasilakaki M, Chikina I, Shikin VB et al (2020) Towards high-performance
electrochemical thermal energy harvester based on ferrofluids. Appl
Mater Today 19:100587. https://doi.org/10.1016/j.apmt.2020.100587
Peddis D, Cannas C, Musinu A et al (2013) Beyond the effect of particle
size: influence of CoFe,0, nanoparticle arrangements on magnetic prop-
erties. Chem Mater 25:2005-2013. https://doi.org/10.1021/cm303352r
Sun'S, Zeng H, Robinson DB et al (2004) Monodisperse MFe,O,(M = Fe
Co, Mn) Nanoparticles. J Am Chem Soc 4:126-132. https://doi.org/10.
1021/ja0380852

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImagelJ: 25
years of image analysis. Nat Methods 9:671-675. https://doi.org/10.1038/
nmeth.2089

Aragén FH, Coaquira JAH, Villegas-Lelovsky L et al (2015) Evolution of
the doping regimes in the Al-doped SnO, nanoparticles prepared by a
polymer precursor method. J Phys Condens Matter. https://doi.org/10.
1088/0953-8984/27/9/095301

Scott DW (2009) Sturges'rule. Wiley Interdiscipl Rev Comput Stat
1:303-306. https://doi.org/10.1002/wics.35


https://doi.org/10.1088/0022-3727/35/6/201
https://doi.org/10.1088/0022-3727/35/6/201
https://doi.org/10.1103/PhysRev.130.1677
https://doi.org/10.1088/0022-3727/42/1/013001
https://doi.org/10.1063/1.4804187
https://doi.org/10.1063/1.4804187
https://doi.org/10.1016/0304-8853(83)90024-0
https://doi.org/10.1016/0304-8853(83)90024-0
https://doi.org/10.1088/0022-3727/42/22/224002
https://doi.org/10.1002/wnan.84
https://doi.org/10.1021/cm200509g
https://doi.org/10.1021/cm200509g
https://doi.org/10.1021/la903767e
https://doi.org/10.1088/0022-3727/46/10/105003
https://doi.org/10.1088/0022-3727/46/10/105003
https://doi.org/10.1039/d0na00134a
https://doi.org/10.1039/d0na00134a
https://doi.org/10.1016/0304-8853(95)00365-7
https://doi.org/10.1016/0304-8853(95)00365-7
https://doi.org/10.1021/ar400236y
https://doi.org/10.1080/10426914.2012.689458
https://doi.org/10.1080/10426914.2012.689458
https://doi.org/10.1109/TMAG.2013.2248139
https://doi.org/10.1109/TMAG.2013.2248139
https://doi.org/10.1038/nature23667
https://doi.org/10.1038/nature23667
https://doi.org/10.1038/nnano.2016.182
https://doi.org/10.1088/1361-648X/abec1a
https://doi.org/10.1088/1361-648X/abec1a
https://doi.org/10.1016/j.physrep.2022.03.002
https://doi.org/10.1088/1361-6528/aa62f3
https://doi.org/10.1038/s41467-019-12219-0
https://doi.org/10.1038/s41467-019-12219-0
https://doi.org/10.1039/C0NR00521E
https://doi.org/10.1039/C0NR00521E
https://doi.org/10.1103/PhysRevLett.113.147203
https://doi.org/10.1103/PhysRevLett.113.147203
https://doi.org/10.1039/C8NR04566F
https://doi.org/10.1021/nl300665z
https://doi.org/10.1107/S2052252520013585
https://doi.org/10.1107/S2052252520013585
https://doi.org/10.1021/nl301499u
https://doi.org/10.1021/acsnano.0c02521
https://doi.org/10.1021/acsnano.0c02521
https://doi.org/10.1088/0957-4484/19/47/475704
https://doi.org/10.1063/1.3559504
https://doi.org/10.1063/1.3559504
https://doi.org/10.1021/acs.nanolett.6b04016
https://doi.org/10.1016/j.jallcom.2019.05.042
https://doi.org/10.3390/nano11071787
https://doi.org/10.3390/nano11071787
https://doi.org/10.1002/adfm.202008078
https://doi.org/10.1002/adfm.202008078
https://doi.org/10.1021/acs.nanolett.9b00630
https://doi.org/10.1021/acs.chemmater.9b04848
https://doi.org/10.1021/acs.chemmater.9b04848
https://doi.org/10.1016/j.apmt.2020.100587
https://doi.org/10.1021/cm303352r
https://doi.org/10.1021/ja0380852
https://doi.org/10.1021/ja0380852
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1088/0953-8984/27/9/095301
https://doi.org/10.1088/0953-8984/27/9/095301
https://doi.org/10.1002/wics.35

Muscas et al. Nanoscale Research Letters

51

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2022) 17:98

Baalousha M, Lead JR (2013) Nanoparticle dispersity in toxicology. Nat
Nanotechnol 8:308-309. https://doi.org/10.1038/nnano.2013.78

Morrish AH (2001) The physical principles of magnetism. IEEE, New York
Levy M, Quarta A, Espinosa A et al (2011) Correlating magneto-structural
properties to hyperthermia performance of highly monodisperse iron
oxide nanoparticles prepared by a seeded-growth route. Chem Mater
23:4170-4180. https://doi.org/10.1021/cm201078f

Hansen MF, Mgrup S (1999) Estimation of blocking temperatures from
ZFC/FC curves. J Magn Magn Mater 203:214-216. https://doi.org/10.
1016/50304-8853(99)00238-3

Fiorani D, Dormann JLL, Cherkaoui R et al (1999) Collective magnetic
state in nanoparticles systems. J Magn Magn Mater 196-197:143-147.
https://doi.org/10.1016/5S0304-8853(98)00694-5

Roca AG, Morales MP, O'Grady K et al (2006) Structural and magnetic
properties of uniform magnetite nanoparticles prepared by high
temperature decomposition of organic precursors. Nanotechnology
17:2783-2788. https://doi.org/10.1088/0957-4484/17/11/010

Kodama RH, Berkowitz AE, McNiff EJ Jr, Foner S (1996) Surface spin disor-
der in NiFe,0O, nanoparticles. Phys Rev Lett 77:394-397. https://doi.org/
10.1103/PhysRevLett.77.394

Mohapatra J, Mitra A, Bahadur D, Aslam M (2013) Surface controlled
synthesis of MFe,O, (M = Mn, Fe Co, Ni and Zn) nanoparticles and their
magnetic characteristics. CrystEngComm 15:524-532. https://doi.org/10.
1039/C2CE25957E

Peddis D, Orru F, Ardu A et al (2012) interparticle interactions and mag-
netic anisotropy in cobalt ferrite nanoparticles: influence of molecular
coating. Chem Mater 24:1062-1071. https://doi.org/10.1021/cm203280y
Vestal CR, Zhang ZJ (2003) Effects of surface coordination chemistry on
the magnetic properties of MnFe,O, spinel ferrite nanoparticles. J Am
Chem Soc 125:9828-9833. https://doi.org/10.1021/ja035474n

Cannas C, Musinu A, Ardu A et al (2010) CoFe,O, and CoFe,0,/SIiO, core/
shell nanoparticles: magnetic and spectroscopic study. Chem Mater
22:3353-3361. https://doi.org/10.1021/cm903837g

Muscas G, Cobianchi M, Lascialfari A et al (2019) Magnetic interactions
versus magnetic anisotropy in spinel ferrite nanoparticles. IEEE Magn Lett
10:1-5. https://doi.org/10.1109/LMAG.2019.2956908

Wohlfarth EP (1958) Relations between different modes of acquisition

of the remanent magnetization of ferromagnetic particles. J Appl Phys
29:595-596. https://doi.org/10.1063/1.1723232

Kelly PE, O'Grady K, Mayo PL, Chantrell RW (1989) Switching mechanisms
in cobalt-phosphorus thin films. IEEE Trans Magn 25:3881-3883. https://
doi.org/10.1109/20.42466

De Toro JA, Vasilakaki M, Lee SS et al (2017) Remanence plots as a probe
of spin disorder in magnetic nanoparticles. Chem Mater 29:8258-8268.
https://doi.org/10.1021/acs.chemmater.7b02522

Geshev J, Mikhov M, Schmidt JE (1999) Remanent magnetization plots of
fine particles with competing cubic and uniaxial anisotropies. J Appl Phys
85:7321-7327. https://doi.org/10.1063/1.369356

Muscas G, Jovanovi¢ S, Vukomanovi¢ M et al (2019) Zn-doped cobalt
ferrite: tuning the interactions by chemical composition. J Alloy Compd
796:203-209. https://doi.org/10.1016/jjallcom.2019.04.308

Omelyanchik A, Villa S, Vasilakaki M et al (2021) Interplay between inter-
and intraparticle interactions in bi-magnetic core/shell nanoparticles.
Nanoscale Advances. https://doi.org/10.1039/d1na00312g

Sanchez EH, Vasilakaki M, Lee SS et al (2022) Crossover from individual

to collective magnetism in dense nanoparticle systems: local anisotropy
versus dipolar interactions. Small 2106762:1-11. https://doi.org/10.1002/
smll.202106762

Muscas G, Concas G, Laureti S et al (2018) The interplay between single
particle anisotropy and interparticle interactions in ensembles of mag-
netic nanoparticles. Phys Chem Chem Phys 20:28634-28643. https://doi.
0rg/10.1039/c8cp03934h

Greenwood NN, Gibb TC (1971) M&ssbauer spectroscopy. Springer,
Netherlands

Bancroft GM (1973) M&ssbauer spectroscopy: an introduction for inor-
ganic chemists and geochemist. McGraw-Hill, London

Muscas G, Yaacoub N, Peddis D (2019) Novel Magnetic Nanostrucures
Unique properties and applications. Elsevier, Amsterdam

Merup S, Brok E, Frandsen C (2013) Spin structures in magnetic nanopar-
ticles. J Nanomater 2013:720629. https://doi.org/10.1155/2013/720629

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 13 of 13

Tronc E, Prené P, Jolivet JP et al (1998) Spin Canting in y-Fe203 Nanopar-
ticles. Hyperfine Interact 112:97-100. https://doi.org/10.1023/A:10110
92712136

Coey JMD (1971) Noncollinear spin arrangement in ultrafine ferrimag-
netic crystallites. Phys Rev Lett 27:1140-1142. https://doi.org/10.1103/
PhysRevlett.27.1140

Helgason O, Greneche JM, Berry FJ et al (2001) Tin- and titanium doped
gamma-Fe,0; (maghemite). J Phys Condes Matter 13:10785-10797
Morrish AH, Haneda K (1983) Surface magnetic properties of fine
particles. J Magn Magn Mater 35:105-113. https://doi.org/10.1016/0304-
8853(83)90468-7

Negi DS, Sharona H, Bhat U et al (2017) Surface spin canting in Fe304and
CoFe204nanoparticles probed by high-resolutionelectron energy loss
spectroscopy. Phys Rev B 95:174444. https://doi.org/10.1103/PhysRevB.
95.174444

Zakutna D, Niznansky D, Barnsley LC et al (2020) Field dependence of
magnetic disorder in nanoparticles. Phys Rev X 10:031019. https://doi.
0rg/10.1103/PhysRevX.10.031019

Kachkachi H, Ezzir A, Nogues M, Tronc E (2000) Surface effects in nano-
particles: application to maghemite -Fe O. Euro Phys J B 14:681-689.
https://doi.org/10.1007/s100510051079

Iglesias O, Labarta A (2005) Influence of surface anisotropy on the hyster-
esis of magnetic nanoparticles. J Magn Magn Mater 290-291:738-741.
https://doi.org/10.1016/jjmmm.2004.11.358

Bakuzis AF, Morais PC, Pelegrini F (1999) Surface and exchange anisotropy
fields in MnFe,O, nanoparticles: size and temperature effects. J Appl Phys
85:7480-7482. https://doi.org/10.1063/1.369383

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1038/nnano.2013.78
https://doi.org/10.1021/cm201078f
https://doi.org/10.1016/S0304-8853(99)00238-3
https://doi.org/10.1016/S0304-8853(99)00238-3
https://doi.org/10.1016/S0304-8853(98)00694-5
https://doi.org/10.1088/0957-4484/17/11/010
https://doi.org/10.1103/PhysRevLett.77.394
https://doi.org/10.1103/PhysRevLett.77.394
https://doi.org/10.1039/C2CE25957E
https://doi.org/10.1039/C2CE25957E
https://doi.org/10.1021/cm203280y
https://doi.org/10.1021/ja035474n
https://doi.org/10.1021/cm903837g
https://doi.org/10.1109/LMAG.2019.2956908
https://doi.org/10.1063/1.1723232
https://doi.org/10.1109/20.42466
https://doi.org/10.1109/20.42466
https://doi.org/10.1021/acs.chemmater.7b02522
https://doi.org/10.1063/1.369356
https://doi.org/10.1016/j.jallcom.2019.04.308
https://doi.org/10.1039/d1na00312g
https://doi.org/10.1002/smll.202106762
https://doi.org/10.1002/smll.202106762
https://doi.org/10.1039/c8cp03934h
https://doi.org/10.1039/c8cp03934h
https://doi.org/10.1155/2013/720629
https://doi.org/10.1023/A:1011092712136
https://doi.org/10.1023/A:1011092712136
https://doi.org/10.1103/PhysRevLett.27.1140
https://doi.org/10.1103/PhysRevLett.27.1140
https://doi.org/10.1016/0304-8853(83)90468-7
https://doi.org/10.1016/0304-8853(83)90468-7
https://doi.org/10.1103/PhysRevB.95.174444
https://doi.org/10.1103/PhysRevB.95.174444
https://doi.org/10.1103/PhysRevX.10.031019
https://doi.org/10.1103/PhysRevX.10.031019
https://doi.org/10.1007/s100510051079
https://doi.org/10.1016/j.jmmm.2004.11.358
https://doi.org/10.1063/1.369383

	The Boundary Between Volume and Surface-Driven Magnetic Properties in Spinel Iron Oxide Nanoparticles
	Abstract 
	Introduction
	Experimental
	Synthesis
	Measurements and Data Treatment

	Results and Discussion
	Evolution of Magnetic Anisotropy
	Interparticle Interactions
	Magnetic Structure and Magnetic Anisotropy

	Conclusions
	Acknowledgements
	References


