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Abstract

Standard approaches to investigate the anisotropy of nanoparticle assemblies are
by means of either zero-field-cooled - field-cooled DC magnetization curves or by ana-
lyzing the coercivity at low temperatures. However, these methodologies are restricted
to average values of anisotropy constant, without probing its temperature dependence
or symmetry. In this context, analyzing the thermal dependence of coercivity arises
as a more comprehensive approach to assess anisotropic properties. Here, we investi-
gate experimentally the thermal dependence of coercivity for cobalt ferrite nanoparticle
samples synthesized by different methods, in a large range of nanoparticle diameters,
resulting in samples with different internal structure, surface roughness and size dis-
tribution. Our analysis consists in accounting for the size distribution and thermal
dependence of the relevant variables, allowing us to access the anisotropy constant as a
function of temperature. The results indicate that the surface plays an important role
in the low field determined anisotropy constants, with the thermal dependence point-
ing to a combination of types/sources of anisotropy affecting the coercivity. While the
cubic magnetocrystalline anisotropy dominates for nanoparticles with higher diameter,
the influence of surface contribution increases substantially for smaller sizes. The state

of the surface is shown to be key for determining the main source of anisotropy.

Introduction

The thriving recent development in the field of magnetic nanoparticles (NPs) science is in
a large part due to their successful using for high-performance technological applications,
for example in information storage,! rare-earth free permanent magnets®?® or as heating
agents in magnetohyperthermia®” and magnetic induction catalysis.®'® The main charac-
teristic that defines the high versatility of magnetic NPs is their capability to become single
magnetic domains, in contrast to the multi-domain regime of 2D and bulk structures. Specif-

ically, single-domain magnetic nanoparticles have two main key features: i) a single giant



magnetic moment, presenting large fluctuations above the well-known superparamagnetic
(SPM) transition, while being blocked at low temperatures and ii) the coercive field (H.,),
which is expected to reach its maximum when entering the single domain size, where domain
wall reversal processes are no longer available.

Indeed, the regime at which a particular NP becomes SPM is defined by its volume
and density of anisotropy energy (i.e. anisotropy constant K). Magnetic anisotropy, which
is usually quantified by this anisotropy constant K (anisotropy energy per volume unit),
has its origin on the spin-orbit coupling with a symmetry due to the crystal structure of
the material. As the size of the particles is reduced surface effects become dominant and

surface spins play a major role! ™15

on the magnetic properties creating and extra anisotropy
component in small NPs. 6

Two main methodologies are well spread out in literature to calculate K: by means of
zero field cooled-field cooled DC magnetization curves!” and using the coercive field at low
temperatures.>'® However, even if both methodologies can estimate accurately the value
of the magnetic anisotropy the results obtained are confined to K values independent of
the temperature and fail to determine the nature of the anisotropy symmetry. Indeed,
considering that determining both parameters is fundamental to envisage novel application
based on magnetic NPs, it is mandatory to develop a methodology that will help us to
estimate at the same time the thermal dependence and symmetry nature of the magnetic
anisotropy.

Previous works in the field ! 22 have defined the density of anisotropy energy K (T'), up to
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~65% of the Curie temperature of the material*® in function of the saturation magnetization

(M) as

(1)

- (43

The thermal dependence of the saturation magnetization M, follows the well-known

Bloch T law for magnetic materials.?*2% The exponent n arises from an expansion of the



magnetization direction in terms of the spherical harmonics. The value of this exponent varies
according to the nature and symmetry of the anisotropy energy, being n = 3 for a uniaxial
volume anisotropy, n = 10 for a cubic one,'® while an exponent n = 2 is expected when
arising from shape/surface.?” Thus, the interfacial particularities of a given nanoparticulate
system will change how its anisotropy varies with temperature, effect which is quantified by
the parameter n.

We, thus, propose a systematic experimental approach by analyzing the magnetic behav-
ior of two sets of cobalt-doped ferrite-based NPs obtained by different routes of synthesis and
with average diameters ranging from 3 to 11 nm. The chosen routes to synthesize the NPs
were hydrothermal coprecipitation and thermal decomposition of metalorganic precursors,
techniques well known for producing nanoparticles with constrasting interfacial characteris-
tics. While, thermal decomposition tends to produce NPs with narrow size distributions and
very well-defined interfaces, NPs produced using a soft chemistry method such as hydrother-
mal coprecipitation lean towards a broader size distribution and higher degree of surface
roughness.

We utilize the thermal dependence of coercivity to obtain deeper insight on the different
sources of anisotropy in these magnetic NP assemblies. The experimental data is analyzed
within the framework of Kneller’s law,?® while also taking into account the effect of size
distribution and thermal dependence of both saturation magnetization and anisotropy on
the coercivity.

The chosen set of samples, along with the thorough comparative analysis enables us to
determine the thermal dependence of their magnetic anisotropy, as well as their symme-
try, extracting, then, the exponent n, and thus, to shed light on the characteristics of the

anisotropies at play.



Sample Details and Experimental Section

The first set of samples (Co#) consists in core@shell CoFeyO4@yFe;03 NPs synthesized by
hydrothermal coprecipitation in alkaline medium. NP’s diameter is tuned by changing the
synthesis pH and nature of the utilized base. A subsequent surface treatment? allows us
to disperse them in acidic medium by creating a protective maghemite shell onto the cobalt
ferrite core. The crystal lattice that configures the nanoparticle structure is formed during
the coprecipitation step. Then, the shell is hydrothermally formed through two-way diffusion
of cations which has been shown to contribute to surface roughness.3® The formation of such
Fe-enriched surface layer has been evidenced by morphochemical analysis using high reso-
lution electron microscopy.®3! For these samples based on core@shell NPs, the maghemite
volume fraction ¢/, is obtained using atomic absorption spectroscopy, with the obtained
concentrations of cobalt and iron being employed in a well-established chemical core@shell
model.?? An increasing proportion with decreasing diameter is obtained, as expected. Data

s,
% and core

are collected in Table 1, where the evaluated maghemite thickness t,, =
diameter are also given.

By controlling the pH and ionic strength of the carrier liquid, we obtain magnetic col-
loids (ferrofluids) with long term stability and tunable NP volume fraction. For individually
dispersed nanoparticles, at low concentrations (NP volume fraction < 1%), the role of dipo-
lar interactions in the dispersion is smaller than in a powder. A typical colloidal analysis,
using Small Angle X-Ray Scattering experiments is presented in figure S3, and shows the
typical behavior for non-interactive colloids. The data is analyzed using well-established pro-
tocols®13? further described in the Supporting Information along with experimental details.

To assess the effect of the dipolar interactions on the thermal dependence of coercivity, we
also investigate sample Co6 in powder form, since reducing interparticle distance is a common
technique to increase dipolar interactions.®® These interactions in powders are standardly

poM2V

quantified by the dipolar interaction parameter Ay = TELT where V' is the NP’s volume.

Adgq 1s given in Table 1 for the powder samples at 5K. In the frozen ferrofluid dispersions,



the dipolar interactions are quantified by the parameter A4y times the NP volume fraction.
It remains here always smaller than 1072, The dipolar interactions are thus negligible in the
present dispersions.

Contrastingly, thermal decomposition is known for yielding NPs with lower surface rough-
ness, which might change the role played by surface anisotropy in these nanosystems.

Then, the second set of samples (TD#) consists in narrowly distributed Co,Fes_,O4 NPs,
synthesized by thermal decomposition of metal-organic precursors, and is only investigated
in powder form. It is worth mentioning that this second set of samples has been thoroughly
investigated in a previous work,? where all synthesis parameters and strategies for size control
are described.

Transmission Electron Microscopy is used to characterize the morphostructural properties
of both sets of NPs. Note that TEM is unable to probe the true state of NP’s dispersion of
a ferrofluid. The TEM micrographs are presented in the top panels of Figure 1. The first
row corresponds to the images for Co# samples, while the second row depicts their high
resolution (HR) images. The third row collects the images for TD# series and shows the
more defined NPs synthesized by thermal decomposition as compared to the coprecipitated
ones.

Panels A and B of Figure 1 show the size distribution histograms of Co# and TD#
series, respectively. The dashed lines correspond to the fits using the log-normal distribution,

defined as

1 - m?(d/do))
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(2)

d being the diameter, o the polydispersity index and dy the median diameter of the distri-
bution, all determined by Transmission Electron Microscopy (TEM). Table 1 collects the
parameters obtained from the fits of the log-normal distribution to the histograms.

We carry out magnetometry experiments in dilute dispersions and powder to observe their
magnetic behavior. The dispersions are cooled through the freezing temperature of water

in zero field, so that a random distribution of the anisotropy axes is ensured. The same is
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Figure 1: Top Panels: Transmission Electron Microscopy images of the studied samples.
Samples are specified in each of the panels. Panel A shows the size distribution histogram of
the Co# series of samples, while panel B depicts those from the TD# series. In both cases,
the dashed lines indicate the best fit with the log-normal distribution.



Table 1: Basic characterization of investigated samples. di®™ and o7FM are the median

diameter and polydispersity index of the lognormal distribution of NP’s diameters as deter-
mined by TEM, dxg is the diameter obtained by X-ray diffraction in powder using Scherrer
equation (data not shown) and Mg is saturation magnetization (measured at irreversibility
field) extrapolated to zero temperature. ¢, is the volume fraction of maghemite shell for
Co# samples as obtained from atomic absortion spectroscopy (AAS) measurements, leading
to the shell thickness t,, and to the core diameter d.,.., using dgEM . Samples Co3, Co4
and Cob6 are prepared by hydrothermal coprecipitation in alkaline media. Samples TD4,
TDT7 and TD11 are prepared by thermal decomposition of metalorganic precursors. Dipolar
interaction parameter \yq is given at 5K for the powder samples using the NP’s diameter
dIEM Tn the ferrofluid dispersions, \gq is here always smaller than unity. *For sample Co6
in powder form, the value of Az is 50.

Sample dgEM UTEM dXR MS (O) ¢s/p Zfsh dcore )\dd
(nm) (nm) (kA/m) % (nm) (nm)
Co3 3.3 0.3 3.2 220 78 0.7 12.0 0.03

Co4d 4.3 025 4.7 329 58 0.5 3.2 0.2

(3)

(4)

Co6 64 03 72(4) 321 29 03 57 05

TD4 35 012 40(2) 303 - - 35 3
(4)

TD7 6.8 0.10 8.8 405 - - 6.8 40

TD11 109 0.13 16.0 (8) 412 - - 10.9 170

valid for the powders, which are prepared in absence of applied field. All measurements are
carried out with a Quantum Design PPMS Evercool equipped with a superconducting coil
with a maximum field ugH of 9 T, using the vibrating sample magnetometer (VSM) option.

Hysteresis loops are recorded for all samples at different temperatures, ranging from 2
K to 400 K, depending of the nature of the samples. To better link the magnetization to
the anisotropic features investigated, we consider here that, once irreversibility is achieved,
the sample can be considered as "magnetically saturated”, with all effective energy barrier
overcame, as proposed by Gomes et al.'® Also, measurements of magnetization as a function
of temperature are performed at low field using the ZFC-FC protocol, for the ferrofluid
samples, the highest temperature applied is 270 K, in order not to go above the freezing
temperature of water, which would unlock the mechanical rotation of particles and change

the relaxation properties of the system.
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Figure 2: Temperature dependence of normalized magnetization of the samples Co3, Co4
and Co6 ferrofluids using the ZFC-FC protocol.

Experimental Results

The magnetic anisotropy of a NP assembly is commonly assessed by its blocking temperature,
determined from zero-field cooled and field cooled (ZFC-FC) magnetometry experiments, '’
which gives access to the magnetic anisotropy energy. Some approaches also carry out ad-
justments of the ZFC-FC curves simultaneously with other curves, such as room temperature
magnetization.3! Figure 2 depicts the ZFC-FC magnetization for the Co# samples, showing
an increase of the peak temperature with increasing size, but the transition to SPM state is
not achieved for one of the samples (Co6), with ZFC magnetization merely approaching its
peak at the maximum temperature. Thus, the measured FC curve is not a true FC curve
and cannot be analyzed with any physical meaning.>

We, then, argue that in the case of our samples, which consist in highly anisotropic
nanosized systems, the thermal dependence of coercivity is a more adapted technique for
investigating the magnetic anisotropy.

Thus, we present, in the following, our results on the thermal dependence of the anisotropic
features of our samples, extracted from hysteresis loops measured at various temperatures.
The hysteresis loops recorded for Co3, Co4 and Co6 in dilute dispersion at 2 K are depicted
in Figure 3a), and the extracted coercivity is depicted as a function of temperature in Figure

3b).
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Figure 3: (a) Hysteresis loops for samples Co3 (blue triangles), Co4 (red circles) and Co6
(gray squares) measured at 2 K, in diluted dispersion. The inset closes up on the high
magnetic field area, evidencing the difference of the slope in the samples. Values of magne-
tization are normalized by the volume fraction of particles in the ferrofluids. (b) Thermal
dependence of coercivity of the same samples. The dotted lines represent the best fit of the
whole data range using Kneller’s law with the sample’s approximate blocking temperature.
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When investigating the coercive field of NP assemblies at finite temperatures, one must
consider the effect of thermal agitation on the magnetic response to applied field. When
descending from complete magnetic saturation, the presence of the external field reduces the
height of the energy barrier allowing a thermally assisted hopping of the magnetic moment
from the local energy minimum to the global one. For the sake of simplicity, we reduce here
the energy landscape to only one energy barrier. The contributions given by Kneller and
Luborski?® to this matter gave rise to the so-called Kneller’s law for the thermal dependence

of coercivity:

H(T) = 0.4821 [1 - (l)é , (3)

M Tp

where the factor 0.48 denotes randomly distributed easy axes with uniaxial anisotropy, cor-
responding to the coercivity defined by Stoner and Wohlfarth (SW) model,?¢ and T the
blocking temperature.

Kneller’s law frequently agrees very well with experimental data at low temperatures,
but often fails to explain the thermal dependence of coercivity throughout the entire range
where coercive field is detectable.3™ 4% We also observe that for our samples, as depicted in
Figure 3(b). The lack of agreement between the experimental data and the fit is clear and
points out to the necessity of finding a more appropriate model.

There are two main approaches to considering this problem. The first one consists in
introducing Néel relaxation to a SW-like energy landscape, enabling the calculation of the
entire hysteresis loop. Using this method, Franco and Conde calculated®! the thermal de-
pendence of hysteresis loops for a monodisperse sample. Another article describes a similar
methodology for polydisperse assemblies with different anisotropy symmetries.*?> More re-

[*3 utilized this approach to simulate the temperature dependence of mag-

cently, Richy et a
netization curves for size-distributed NP assemblies with uniaxial, biaxial** and also includ-
ing unidirectional anisotropy constants providing insightful information regarding exchange-

coupling mechanisms.

The second approach is more straightforward as far as computation goes, and it relies
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on the expression obtained by Kneller, which is then weighted by the size distribution and
combined with the behavior of the superparamagnetic fraction. This approach was intro-
duced by Nunes et al, who investigated the effect of size distribution on the coercivity*° by
considering, at each temperature, the effect of the SPM nanoparticles. Other authors* con-
sidered the thermal dependency of the magnetic anisotropy, modifying the overall behaviour
of Kneller’s law. Our work adds to this approach by combining the thermal dependence of
K and M, while also taking into account the size distribution which dictates the thermal
transition to SPM state.

This second approach, in spite of not being able to describe the NP system as thoroughly
as the first one, allows us anyway to extract important insight on several experimental
findings. In our case, the introduction of a thermally-dependent density if anisotropy energy
K allows us to understand the evolution of coercivity as a function of temperature and gives
us some clues about the NP’s anisotropy symmetry through the n parameter. This thermal
dependence of K can be of great value when one designs nanomaterials for application

purposes, in particular for several bio-applications.

Model

Firstly, our model considers the temperature-dependent ratio between the SPM and blocked
populations of a polydisperse system. Then, we explore the effects of taking into account
also the thermal dependence of both magnetization and anisotropy constant.

The transition temperature between the blocked and the SPM states is volume-dependent.
The critical diameter d.(T") below which NPs with uniaxial anisotropy will be in the SPM

state at a given temperature can be written as

4(1) = | 22T ()

It illustrates that, in a polydisperse system, the ratio between the SPM and blocked
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populations is temperature-dependent. This temperature dependence is directly responsible
for changes in the average coercivity of a NP assembly, which go beyond the considerations
of Kneller and Luborski in their original paper on this matter.

When considering a polydisperse NP assembly, equation 4 translates the fact that when
thermal agitation is present, if a fraction of the NP population has d < d., it will be in
the SPM regime, whilst the ones with d > d. will be blocked. One must then, follow a
similar approach as the one proposed by Kneller and Luborski for binary mixtures. The
key difference is that in the case of polydisperse systems, the portions of the sample in the
SPM and in the blocked state change with temperature, the diameter that divides the two
populations being given by the expression above. Transposing that into the actual behavior
of coercivity requires understanding how exactly does an additive SPM contribution to the
magnetization affects the magnetic response of the sample as a whole.

Another feature induced by the presence of size-distributed nanoparticles is a change in
the overall anisotropy symmetry, which can be probed by analyzing the low temperature
squareness (see Table 2). To simplify and allow a better comparison between the various
samples, we consider in the calculations that the samples can be described with a single
barrier of anisotropy energy (thus with effective uniaxial anisotropy symmetry and anisotropy
constant K'), but with a thermal dependence driven by the n parameter which indicates the
actual symmetry of the NP system.

In the SPM regime, the low field magnetization increases linearly with the applied field,

the proportionality constant being the superparamagnetic susceptibility. For a sample with

po M2V

randomly distributed anisotropy axes of the NPs, it is given by xspy = ST

We can,
thus, calculate the total contribution from the SPM particles at a given temperature by
weighting yspys with the size distribution P(d) up to the critical diameter.

For the NPs with diameter above d.(T"), we assume a Kneller-like contribution with coer-

civity Hg, (coercivity of the blocked NPs), but considering the average blocking temperature
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only of the NPs in the blocked state

(1), = 1 Lun PO g
BT T 150ks [y P(d)dd

For these blocked nanoparticles, we follow Nunes et al“’ and assume that the magneti-
zation varies almost linearly between the remanent magnetization M, and the coercive field
H,,. This simplifies the calculations and was shown to allow an adequate determination of
the coercivity. By writing the magnetization as a sum of the SPM contribution and the
linear contribution of the blocked ones and solving for M = 0, we obtain the expression
for the coercive field of the polydisperse sample at any given temperature <HC>T. Here, it
is important to evidence that, in order to enable the extraction of the anisotropy constant,
we calculate the distribution of blocking temperatures instead of obtaining it experimen-
tally from ZFC/FC curves. When determined experimentally, the distribution would carry
implicitly the temperature dependence of anisotropy which would be, then, not directly ac-
cessible. In our case, it comes as a result of the fitting procedure, helping to shed light in
the anisotropy mechanisms.

We also take into account the reduction of magnetization and anisotropy constant with
increasing temperature, both of which induce changes in the behaviour of <HC>T, which can

be inferred by analyzing Equations 4 and 5. A more in-depth discussion can be found in the

SL.

Discussion

The thermal variations of K and M, and their effect on coercivity can only be understood
by considering both quantities simultaneously. The different behaviors for d.(7"), critical
diameter above which NPs are in SPM state, shown in Figure S3, are clear indicators of the
impact of such thermal dependences. It can be promptly inferred that a considerable fraction

of the particles must be accounted as SPM instead of blocked, if the thermal dependences
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Figure 4: Experimental values of coercivity for samples Co3 (blue triangles), Co4 (red circles)
and Co6 (gray squares) as a function of temperature along with the best fits using the
proposed model (solid lines). Inset: Comparison between dilute ferrofluid (gray squares)
and powder (green squares) for sample Co6 along with the best fits using the proposed
model.

of K and Mj are taken into account. As an example, in the case of n = 3 in Eq. 1 (uniaxial
volume anisotropy), ignoring the thermal dependence of K creates a misdetermination of d.
by approximately 50% at 270 K. That, by itself, illustrates the relevance of accounting for
these thermal changes. Furthering, one can inspect the coercivity of the blocked nanoparti-
cles Hg, as shown in Figure S3(b). The increase in d. creates a substantial reduction of H,
with considerable impact for temperatures above 25 K, in the example chosen in the figure.

We have, thus, adjusted the experimental coercivity data for the investigated samples.
Figure 4 shows the experimentally determined coercivity for samples Co3, Co4 and Co6
along with their best fit using the model in its complete form. All three samples have similar
coercivity at 2 K, however, when temperature starts increasing, they promptly differentiate
their behavior. That, of course, is related to the earlier start of SPM transition in the samples
with smallest NPs, which translates into a reduction of H, at temperatures lower than what
is observed for sample Co6 (larger NPs). The fits adjust the experimental data very well
and the fitting parameters are summarized in Table 2.

The obtained parameters provide information regarding the magnetic anisotropy in the

investigated samples. The values obtained for the anisotropy constant at zero temperature
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Figure 5: Experimental values of coercivity for samples TD4 (blue triangles), TD7 (red
circles) and TD11 (gray squares) as a function of temperature along with the best fits using
the proposed model (solid lines).

K, are in agreement with values in the literature, found to be between 1 x 10% and 3 x 10°
J/m? for cobalt ferrite NPs.33:46:47

The different exponents point to the different nature of the anisotropy ruling the mag-
netization processes in each sample, as found by the model. The fact that using n = 2 im-
proves the fit for Co3 sample indicates a more significant presence of (uniaxial) shape/surface
anisotropy in this sample, which is in conformity with its very small average size and
its core@shell structure. This reduction in the exponent for the smallest co-precipitated
nanoparticles, together with the more pronounced diameter difference between the fit and
size distribution histogram, point out to the origin of this diameter difference. In fact, a
surface contribution to the magnetic anisotropy is the most likely possibility.*®

The diameters found for Co3, Co4 and Cob6 are larger than the values obtained in trans-
mission electron microscopy. Although each technique typically has its bias as far as diameter
determination goes (see inset of Fig. S3), this increase in diameter is significant and might
be related to the existence of some extra contribution to magnetic anisotropy.*%°® This hy-
pothesis will be discussed in more detail further ahead, when we compare the results between
Co and TD series.

To assess the influence of dipolar interactions, which become more important at low
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Table 2: Fitting parameters used to adjust the experimental coercivity data of samples with
the proposed model. dfT and of’" are the median diameter and the polydispersity index
of the log-normal distribution of diameters obtained by the fits with our model, K the
anisotropy constant at 0 K and n the power used in the K(7T') model. M,/M; is the low
temperature squareness obtained experimentally at 2 K for Co# series and 5 K for TD#
series.

Sample ditt g K, n  M,/M,
(nm) (J/m?)
Co3 (Fluid) 58 033 2.30-10° 2  0.52
Co4 (Fluid) 7.2 033 305100 3 051
Cob (Fluid) 81 028 34010° 3 0.69
Cob (Powder) 82 030 2.9010° 3  0.63
TD4 (Powder) 4.7 0.16 4.30-10° 2 0.50
TD7 (Powder) 6.5 0.15 6.10-10°> 6 0.77

TDI11 (Powder) 10.6 0.20 6.8:105 10  0.79

temperature, we compare here the fitting parameters obtained for sample Co6 in both diluted
ferrofluid and powder form. As seen in Table 2, the changes in diameter and polydispersity
are not considerable, the main change being a reduction in the determined value for Kj in
the powder, in a trend that follows the slightly smaller value of coercivity and is likely due
to the demagnetizing nature of dipolar interactions, and thus, maintaining the coherence in
the determination of n among all the samples, for which dipolar interaction is either small
for dispersions of Co# (A\gq smaller than 1 at 2K) and rather important for all the powder
samples (A\gq larger than 1 at low temperatures).

Hence, we proceed to the investigation of the thermal dependence of K in the TD series,
whose measurements are carried out in powder. These fits are presented in Figure 5 and
the parameters collected in Table 2. It is specially worth mentioning that in TD series,
the diameters obtained are generally closer to the ones determined by TEM. That fact
corroborates the hypothesis that the diameter extracted from the fit actually carries some

information about additional sources of magnetic anisotropy which may have a different
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temperature dependence than that of magnetocrystalline anisotropy. There are different
types of magnetic anisotropy that may influence the dynamic of the NPs core magnetic
moment. Since the difference in diameter is greater for the smaller samples of Co series, we
can intuit that such contribution arises from surface spins which create additional anisotropy
fields that affect the NPs core anisotropy, which can increase coercivity.®' The construction of
our model does not account for the presence of such types of anisotropy, so triangulating the
exact source in the future using an approach that describes the energy landscapes combined
with dynamic measurements!! would help to shed light into this matter.

Another noteworthy feature is that, with increasing diameter, we observe a trend in the
exponent from n = 2 (uniaxial shape/surface contribution) to n = 10 (cubic contribution)®.
The shift to high values of the exponent implicate a more significant importance of the cubic
anisotropy as size increases,*® which is corroborated by the increase in the squareness values?
of the samples from 0.5 to 0.8 (see Table 2). In this first approach, for the sake of simplicity
and ease of comparison, we did not thoroughly consider all the modifications of this shift to
cubic anisotropy in the calculations of the model other than on the exponent n. Although
changes in the behavior of the relaxation times and static coercivity are to be expected, we
can still extract valuable information from the temperature variation of K.

Figure 6 shows the anisotropy constants obtained for all studied samples as a function of
temperature. It is also possible to extrapolate to higher temperature values (well below the
Curie point). This is crucial for applications at room temperature or above. The profile of
the anisotropy curves corroborates and illustrates the different rates of reduction of K with
temperature for the different symmetries and types of anisotropy.

In the future, refining the analysis in order to consider other types of anisotropy and/or
intra and interparticle couplings can be substantial improvements to NP magnetism studies.
That can be associated with studies starting from the energy landscapes®?® with calculations

of the hysteresis loops and even considering angular dependencies. Also, further studies with

'We interpret the value n = 6 for sample TD7 as a mixing of uniaxial and cubic anisotropy among the
NP’s population.
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Figure 6: Anisotropy constants determined for all samples. The coprecipitation series lin
frozen dispersions) is shown in solid lines and the thermal decomposition series Iin powder)
is shown in dotted lines. The inset depicts the comparison between frozen ferrofluid and
powder samples of Co6.

concentrated ferrofluids and different core anisotropies should help to further enlighten the

effect of dipolar interactions under controlled conditions.

Conclusions

Our study reveals that the thermal dependence of the coercive field of polydisperse nanopar-
ticle assemblies allows one to obtain the NPs magnetic anisotropy energy per volume unit
and its evolution with temperature. The model successfully describes the experimental co-
ercivity of nanosystems based on cobalt ferrite nanoparticles elaborated by two different
methods and with different average diameters.

Added to the contribution of the superparamagnetic particles and to the mean T-dependent
blocking temperature, the thermal dependence of both the anisotropy constant and satura-
tion magnetization are shown to be crucial in describing the coercivity. By using a calculated
distribution of blocking temperatures, we are able to successfully determine the anisotropy
constant as a function of temperature, variations usually inaccessible in these kinds of sys-
tems due to SPM relaxation.

The thermal behaviors observed for the anisotropy constants of the different samples point
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out to different sources of magnetic anisotropy, which are present in different proportions
depending on the size and on both crystalline and magnetic roughness of the nanoparticles
interface. In the future, associating measurements with different timescales are promising in
what concerns unraveling these different anisotropic contributions, helping to obtain more

solid information on the magnetic behavior of nanoparticle systems.
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