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EPR CHARACTERIZATION OF
HUMAN-LIVER FERRITIN

In this chapter, we present a9 GHz continuous wave EPR study that was used to elucidate
the magnetic properties of the core of human-liver ferritin. The EPR description that is
reported in this chapter is part of a larger study performed on ferritin, in collaboration
with magnetometry experts. Since the article associated with the whole study has not
been published yet [1], we include the full article in this chapter. It is important to clarify
that only the measurements and analysis on EPR were performed by J. A. Labra-Muiioz.

The magnetometry measurements, analysis, and theoretical model were performed by
our collaborators. !

¢ Anton Lefering (RST-FAME, Delft University of Technology, Delft, The Netherlands):
Magnetometry data acquisition.

¢ Ramon Egli (GeoSphere Austria, Department of Geophysics, Vienna, Austria):
Magnetometry data processing and analysis. Also, R.E. proposed the idea and developed the theory
behind the ferritin magnetic model.

¢ Lucia Bossoni (Department of Applied Physics and Science Education, Eindhoven University of Tech-
nology, Eindhoven, the Netherlands):
Magnetometry data acquisition, processing, and analysis.
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72 5. EPR CHARACTERIZATION OF HUMAN-LIVER FERRITIN

5.1. ABSTRACT

Ferritin, the major iron storage protein in organisms, stores iron in the form of iron ox-
ide, the mineral form of which is not well understood. Therefore, the question of how
the ca. 2000 iron atoms in the ferritin core are magnetically coupled is still largely open.
The ferritin core, with a diameter of 5-8 nm, is encapsulated in a protein shell that also
catalyzes the uptake of iron and protects the core from outside interactions. Neurode-
generative disease is associated with iron imbalance, generating specific interest in the
magnetic properties of ferritin. Here we present 9 GHz continuous wave EPR and a com-
prehensive set of magnetometry techniques including isothermal remanent magnetiza-
tion IRM) and AC susceptibility to elucidate the magnetic properties of the core of hu-
man liver ferritin. For the analysis of the magnetometry data, a new microscopic model
of the ferritin-core spin structure is derived, showing that the magnetic moment is gen-
erated by surface-spin canting, rather than defects. The analysis explicitly includes the
distribution of magnetic parameters, such as the distribution of the magnetic moment.
This microscopic model explains some of the inconsistencies resulting from previous
analysis approaches. The main findings are a mean magnetic moment of 337 ug with
a standard deviation of 0.947 ug. In contrast to previous reports, only a relatively small
contribution of paramagnetic and ferrimagnetic phases is found, in the order of max-
imally 3%. For EPR, the over 30 mT wide signal of the ferritin core is analyzed using
the model of the giant spin system [2]. Two components are needed minimally, and
the broadening of these components suggests a broad distribution of the magnetic res-
onance parameters, the zero-field splitting, D, and the spin quantum number, S. We
compare parameters from EPR and magnetometry and find that EPR is particularly sen-
sitive to the surface spins of the core, revealing the potential to use EPR as a diagnostic
for surface-spin disorder.

5.2. INTRODUCTION

Ferritin has fascinated scientists for decades. This ubiquitous iron-storage protein is
made of a protein shell enclosing a core of bioavailable iron mineral [3]. The mammalian
apoferritin shell contains two distinct polypeptide subunits: a heavy (21 kDa) and a light
(19 kDa) chain [4]. These self-assemble into a 24-mer spherical structure which, de-
pending on the organism and the specific organ it is found in, can have different heavy-
vs. light-chain ratios. While the heavy chain has a ferroxidase activity and protects cells
from redox-active iron by the rapid uptake of Fe(Il) and catalytic oxidation to Fe(II), the
light chain promotes the nucleation and storage of iron as a biomineral [5]. The inner
and outer dimensions of the protein shell are ~7-8 nm and ~12 nm, respectively. The
biomineral inside the ferritin hollow cavity has received the attention of the biomedical
community, because of a link between the protective function of ferritin against cellular
iron toxicity[6] and altered core composition in the brain of patients with neurodegener-
ative diseases[7, 8]. From a physics standpoint, ferritin is also relevant in the fundamen-
tal study of nanoparticle properties. Through the biochemical machinery of iron incor-
poration and the protective protein shell, the composition, spin configuration, and size
of the core are well-controlled and protected from post-assembly modification, factors
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that sometimes are difficult to control in man-made iron nanoparticles. Furthermore,
the apoferritin shell prevents contact between the cores, eliminating magnetic exchange
interactions.

Here, we focus on the magnetic properties of ferritin, which are an indicator of the spin
structure and composition of the ferritin core. The magnetic properties of ferritin nano-
particles, for example, their saturation magnetization, are directly linked to the relax-
ation rates of ferritin-rich tissue. As such, the magnetism of the protein influences the
contrast of R2 and R2*-weighted MRI images [9-11].

In the past decades, ‘bulk’ magnetometry techniques have been used to characterize the
magnetic and mineral state of ferritin [12, 13], along with spectroscopy techniques such
as Mossbauer spectroscopy[13, 14], electron paramagnetic resonance (EPR) [15, 16], nu-
clear magnetic resonance (NMR) [17-19], as well as electron and X-ray microscopy tech-
niques[20, 21], and diamond-based quantum spin relaxometry to study the ferritin room
temperature magnetic properties[22]. Electron paramagnetic resonance (EPR), some-
times also referred to by the more general term electron magnetic resonance (EMR), has
also been applied to ferritin [15, 16, 23-27], in spite of intrinsic challenges related to ex-
treme spectral broadening.

It is generally agreed upon that the ferritin core is predominantly composed of a mineral
resembling ferrihydrite[28], a poorly crystalline ferric oxyhydroxide. While some studies
suggested a multiphase core composition [8, 29, 30], this hypothesis is not supported by
NMR [18], magnetooptical measurements [19], Electron energy-loss spectroscopy [31],
and only partially by muon spin rotation. On the other hand, there is a general consen-
sus on the following properties: (1) iron-spins in the cores are antiferromagnetically (AF)
coupled, (2) the cores possess a spontaneous magnetic moment of the order of ~300
uB, (3) the magnetic moments becomes blocked below T, =12 K over the typical time
span of magnetometric measurements, and (4) ferritin is superparamagnetic above T,
[15, 16, 23, 26]. However, several questions remain still unanswered: for instance, the ori-
gin of the spontaneous magnetic moment of the cores has been generically attributed
to randomly distributed defects in the AF lattice [12, 32, 33], but the nature and loca-
tion of these defects (e.g., in the bulk or at the surface) remain ambiguous [34-36]. The
magnetic moment might also arise from core alteration, as it has been postulated in the
case of ferrihydrite, which becomes partially ferrimagnetic during its transformation to
hematite [37]. The maghemite-like ferrimagnetic phase resulting from this alteration
process might explain the postulated low-coercivity phase in ferritin [29]. The apparent
multiphase nature of ferritin might also originate from the interaction between different
units within the core [28, 38], or between core and surface spins [15]. Such interactions
can explain spin glass-like signatures such as shifted field-cooled hysteresis loops [39].
Finally, the absence of a spin-flop transition in fields up to 50 T [40], which is incompati-
ble with the reported exchange and anisotropy fields of ferritin, questions the definition
of anisotropy energy and energy barriers in AF nanoparticles [41].
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74 5. EPR CHARACTERIZATION OF HUMAN-LIVER FERRITIN

Several limitations concur with our presently incomplete picture of the magnetic prop-
erties of ferritin. Interpretations of magnetometry and spectral techniques are intrin-
sically non-unique, therefore relying on models that require some prior knowledge of
the spin structure of ferritin cores. Furthermore, most if not all magnetic parameters
of ferritin are broadly distributed [42]. This can lead to erroneous conclusions if such
broad distributions are replaced with mean values without considering possible correla-
tions. Furthermore, broad parameter distributions make model fits very sensitive to ini-
tial assumptions and measurement noise, as seen with the multiple approaches used to
model the superparamagnetic and linear contributions to in-field magnetization curves
[12, 32, 34, 41, 43]. Finally, magnetometric and spectral techniques have been rarely
combined [36], despite the intrinsic advantages of using complemental information to
better constrain existing models.

In this work, we focus on the EPR and magnetometric properties of human-liver ferritin
(HuLiFt) and address some of the issues mentioned above. Using these techniques, we
explore the spin dynamics over a broad frequency range that includes DC (magnetiza-
tion) to sub-kHz (AC-susceptibility) and microwave (9 GHz, EPR) measurements. The
present work not only combines different methods, but also different fields of research,
such as magnetism and, due to the mineral core of ferritin and the widespread occur-
rence of ferrihydrite in nature, geological aspects. We unified different naming conven-
tions used for the characterization of magnetic materials using a single symbol for each
quantity, except the magnetic moment, for which m is used in the case of magnetometric
measurements and p in the EPR context (see the list of symbols given in the Appendix).

Most EPR studies have been performed at 9 GHz on horse-spleen ferritin [15, 16, 23,
25, 26]. The broad superparamagnetic signal located at g’ = 2 was associated with an-
tiferromagnetically coupled Fe(III) ions in the ferritin cores, while a weak signal near
g' = 4.3 was attributed to a small number of mononuclear Fe(III) centers showing typical
paramagnetic behavior [15, 23, 25]. A few EPR studies have been performed on human
ferritin, specifically from human spleens[16, 26], proposing that the broad EPR signal
results from two overlapping broad contributions, a very anisotropic one at lower fields,
and an isotropic one around g’ = 2. EPR spectra have also been acquired at 35 GHz, fa-
cilitating the observation of these two broad components [26]. Interestingly, in Ref. [26]
the lower field EPR component of horse-spleen ferritin has a much lower intensity than
its counterpart in human-spleen ferritin, however, the article does not comment on this
difference.

The EPR lineshape of superparamagnetic nanoparticles has been addressed using qu-
alitative descriptions, such as the one by Noginova et al.[44] based on surface quantum
effects, according to which the EPR intensity is proportional to exp(—uB/kgT). Previ-
ously, Usselman et al.[45] used two different models to simulate temperature-dependent
lineshape trends of iron oxide nanoparticles mineralized in Listeria innocua protein ca-
ges. The first model [46, 47] provides a qualitative description of the lineshape depen-
dence on temperature [48] and frequency[49], assuming an ensemble of non-interacting
single-domain particles, whose magnetization dynamics is described by the Landau-
Lifshitz equation[47]. The second model [50] calculates the moment-distribution func-
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tion by considering superparamagnetic fluctuations and ensemble broadening due to a
distribution of anisotropy axes [50]. Other models include an improved static model to
describe the decrease in the magnetic anisotropy as temperature increases[51]. How-
ever, these models do not reproduce all features of the measured EPR spectra.

Here, we use a quantum mechanical model [2, 52] to analyze 9 GHz EPR spectra of fer-
ritin in solution, rather than in the freeze-dried state, to exclude ferritin-ferritin inter-
actions. Our analysis reveals multiple EPR spectral components resulting from the dis-
tributed nature of the moment and anisotropy field distributions.

Magnetic simulations of equilibrium magnetization curves are used to understand the
origin of the magnetic moment of ferritin cores. The theory behind these simulations is
described in sections 5.3.6, 5.3.7, and 5.3.8, and its application in sections 4.2-4.5. Us-
ing these simulations and the measurement of isothermal remanent magnetization, we
developed a new approach for the determination of the anisotropy field, magnetic mo-
ment, and blocking temperature distributions, as well as the relations existing between
these parameters and between magnetometric and EPR measurements.

Our results can be explained by a simple model of AF nanoparticles whose magnetic
moment is generated by surface-spin canting, rather than defects. This model explains
the lack of a spin-flop transition below ~50 T. We also observe minor (<3%) contributions
to the anisotropy field distribution that are compatible with a ferrimagnetic phase and a
phase with very large anisotropy, respectively. Finally, we show that EPR is particularly
sensitive to surface spins.

5.3. MATERIALS AND METHODS

5.3.1. PROPERTIES AND CHARACTERIZATION OF THE HUMAN-LIVER FER-
RITIN

Commercial human-liver ferritin (HuLiFt) was obtained from LEE Biosolutions (Cat. No.
270-40, Lot 08E1805) and used without further purification. The protein concentration
was 3.6 mg/ml with >95% purity as assessed by SDS-PAGE, Coomassie blue, and Prus-
sian blue stains (see Appendix, for details). The protein loading factor was determined by
inductively coupled plasma mass spectrometry (ICP-MS), yielding 1967478 iron atoms
per ferritin. The size distribution of ferritin cores was obtained from transmission elec-
tron microscopy (TEM) images (Fig. A5.19), using automatic circle detection based on
the MATLAB function regionprops. The analysis of 2100 particles showed that core sizes
strongly deviate from a unimodal lognormal-like distribution (Fig. 5.1). The main peak
of the core size distribution is well approximated by a Weibull distribution with a mean
of 6.5 nm and a median of 6.6 nm. An excess of small sizes with respect to the Weibull fit
is observed below 4.5 nm and might represent incomplete fragmented cores.
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Figure 5.1: Distribution of human ferritin core size and fit to an empirical function given by the
sum (solid line) of a lognormal distribution with parameters u = 1.128 and o = 0.2704, and a
Weibull distribution with parameters § = 6.797 and 1 = 11.08 (dashed lines).

5.3.2. MAGNETOMETRY

The ferritin solution as purchased, i.e. without adding glycerol, see materials, was im-
mersed in liquid nitrogen and subsequently freeze-dried over ~48 hours. For further
details and sample handling see also Ref. [53]. The obtained powder sample was pressed
into a gel capsule and loaded into a Quantum Design MPMS-XL SQUID magnetometer
mounting the reciprocating sample option (RSO, noise floor: 1 pAm?). First, the mag-
netic moment in a 5 mT field was measured as a function of temperature after cooling
to 5 K in zero field (zero-field-cooled, ZFC) and in 5 mT (field-cooled, FC), respectively.
Then, the field-induced magnetization was measured at 5 K and 150 K (complete hys-
teresis loops) and in the 5-250 K range (initial magnetization curves). Low-field AC sus-
ceptibility was measured after ZFC to 20 Kin a 5 mT DC field with superimposed longi-
tudinal AC field of 0.38 mT amplitude and frequencies v = 0.113, 0.669, 4.481, 29.99, 59.9
Hz. Only the in-phase AC susceptibility was processed, as the quadrature component
was too noisy. ZFC and FC hysteresis loops were measured at 5 K and 25 K in order to
detect the presence of an exchange field. Finally, high-resolution isothermal remanent
magnetization (IRM) curves were acquired from 0 to 5 T in steps comprised between 1
and 200 mT, at 3, 5, 9, 11, 13, 17, and 20 K. Each point M;(B) of an IRM curve is ob-
tained by ramping the field from 0 to B and then back to 0, with no overshoot. Repeated
measurements were acquired to ensure reproducibility and enhance the signal-to-noise
ratio (SNR): an SNR = 100 is ideally needed over the field range containing relevant co-
ercivity contributions. All measurements are expressed as mass magnetization obtained
by dividing the magnetic moment by the sample mass. All data analyses were carried out
in Matlab2016a and Mathematica 12 using built-in non-linear minimization routines.

5.3.3. ELECTRON PARAMAGNETIC RESONANCE

In order to avoid ferritin-ferritin interactions that might occur in the freeze-dried sam-
ples [16, 23, 25] we used the buffered ferritin solution for EPR measurements. For this
purpose, 100 uL of the ferritin solution with 20% glycerol (vol/vol) solution were trans-
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ferred into a 4 mm outer diameter EPR tube. The tube was then immediately frozen
in liquid nitrogen. Continuous wave (CW) EPR measurements were performed with a 9
GHz ELEXSYS E680 EPR spectrometer (Bruker, Rheinstetten, Germany), equipped with a
rectangular cavity. The spectra were recorded with 20 mW power, 90 kHz modulation fre-
quency, and 29.46 Gy, field modulation amplitude at temperatures comprised between
5 and 210 K. The accumulation time was 11.2 min per spectrum. A helium flux cryostat
was used to control the temperature. Temperatures were taken from the readout of the
Oxford temperature unit connected to a thermocouple placed beneath the sample. Mea-
surement of the buffered suspension instead of freeze-dried powders produces a lower
EPR signal intensity; however, signal quality was still sufficient for further processing.

Simulations of measured spectra have been conducted with the EasySpin package (5.2.4)
using a Matlab (R2019a) script. Spectra between 5 and 15 K were not analyzed because
it was not possible to accurately discriminate the broad signal from background noise.
Final simulations have been performed with two components. The parameters D and
Hgirain (Gaussian broadening) were adjusted independently for each component at each
temperature, along with the relative contributions of the two components and the pep-
per routine parameters of the EasySin package, after choosing S = 10 and g = 2.01 as
fixed parameters for both components. The sensitivity of the model to the parameters
D and Hgain wWas tested by changing, for example, D of one component and leaving all
other parameters unchanged until a visible lineshape alteration was detected (see sec-
tion Sensitivity of EPR parameters in the Appendix).

5.3.4. THEORETICAL BACKGROUND OF MAGNETOMETRY ANALYSIS
In the following, we discuss different models of the spin structure of ferritin cores and
the implications they have on magnetometry and EPR results.

Starting from models proposed in the literature and our measurements we derive a new
model for the spin structure of ferritin. First, we analyze the implications of polyphase
ferritin cores for the interpretation of magnetometry results, showing that individual
phases coexisting in the same core cannot be discriminated by isothermal magnetic
measurements. Next, we use these findings to discuss possible spin structures that are
compatible with equilibrium magnetization curves, showing that spin canting is needed
to explain the ferritin-core susceptibility at lower fields and the lack of a spin-flop tran-
sition. The universal relation between mean magnetic moment and the number of Fe
atoms in ferritin and ferrihydrite nanoparticles further confirms these findings. Finally,
magnetometric parameters are discussed in relation to the energy barrier that needs to
be overcome to switch the magnetic moment of ferritin cores, showing that the expres-
sion E, = KV is valid also in the case of AF nanoparticles and that a wide distribution
of anisotropy fields can be a consequence of the fact that B,, the anisotropy field, is in-
versely proportional to m, the magnetic moment.

5.3.5. MAGNETIC PHASES PROPOSED FOR FERRITIN IN THE LITERATURE
The use of TEM X-ray Adsorption Near Edge Spectroscopy (XANES) and Small-Angle
X-ray Scattering (SAXS) for probing the composition of ferritin cores (i.e., the propor-
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78 5. EPR CHARACTERIZATION OF HUMAN-LIVER FERRITIN

tion of Fe and O atoms), and of Electron Energy-Loss Spectroscopy (EELS) for probing
the oxidation state of Fe ions suggests a polyphase structure[8, 29, 30] made mainly of
ferrihydrite (Fh) or a phosphorous-rich phase whose structure is similar to that of fer-
rihydrite [19], with minor hematite (a-Fe,O3), magnetite (Fe3sO,4), and wiistite (FeO)
contributions[30]. In the human brain, these secondary contributions tend to increase
with age and in patients with neurological diseases [8]. Spatial EELS analyses suggest
that magnetite is concentrated at the core surface [30]. On the other hand, other studies
based on magneto-optical measurements suggest a single-phase core structure.

The hypothetical polyphase nature of ferritin cores might be the result of Fh alteration or
variable iron storage mechanisms. Fh is known to form an ordered ferrimagnetic struc-
ture during aging [37], as an intermediate product on the pathway to full conversion to
hematite. The conversion rate of synthetic Fh is very slow at room temperature, but it
is greatly enhanced in the presence of ligands [54]. Heating during sample preparation
might therefore be an issue for the assessment of ferritin core composition. On the other
hand, a 3D morphology study suggests that ferritin cores are composed of up to eight
regions with disordered surfaces, consistent with the eight channels in the protein shell
that deliver iron to the central cavity [28]. Disordered surfaces are magnetically distinct
from the bulk and can therefore be considered as an additional phase.

Ferritin-core phases identified so far are characterized by different forms of magnetic or-
der, including AF (Fh, FeO), canted AF (hematite), ferrimagnetic (magnetite), and sper-
omagnetic (surfaces). However, if these phases coexist within the same core units, ex-
change coupling is expected to produce a collective spin behavior that is not equivalent
to the superposition of bulk-phase properties. Magnetometry data might still suggest a
polyphase composition, for instance through a bimodal magnetic moment or energy-
barrier distribution [29, 38]. In our case, the existence of multiple magnetic phases is
supported by IRM acquisition curves (see Sections 4 and 5).

Magnetic evidence used so far in support of significant contributions from phases other
than Fh depends heavily on the way energy barrier and magnetic moment distributions
are measured and modeled. For instance, the energy barrier distribution obtained from
magnetic viscosity measurements is bimodal [38], while the same distribution derived
from quadrature AC susceptibility data is strictly unimodal [55]. The case of the mag-
netic moment distribution is even more ambiguous, as the fit of equilibrium magnetiza-
tion curves with two superparamagnetic components with distinct single-valued mag-
netic moments, as proposed by Brem et al. [29], is a valid alternative to the distributed
moment model described in the Results section. Evidently, the additional degree of free-
dom of the two-component model enables better fits to the data. Nevertheless, as we
demonstrate further below, this interpretation is incompatible with the IRM results ob-
tained in the present study and therefore discarded.

5.3.6. THE MAGNETIC SIGNATURE OF IDEALIZED SPIN STRUCTURES

Consider a collinear two-sublattice AF particle with sublattice magnetization M, and
exchange constants A,, Ay, and Agy. In the case of slightly uncompensated sublattices,
the two sublattice magnetizations are given by M, = M, and M, = (1 + a) M, respec-
tively, where a@ > —1 is the fraction of excess moment in one sublattice. This creates a
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net spontaneous magnetic moment myc = aMyV in a particle with volume V. In the fol-
lowing, it is assumed that m, is rigidly coupled to the sublattice magnetizations, due to
the strong AF coupling [56, 57], so that any change of the magnetic moment is produced
by the uniform rotation of all spins in both sublattices. Furthermore, particles possess a
positive uniaxial magnetic anisotropy [58] with anisotropy constant K and easy axis par-
allel to the unit vector e = (sin¢,0,cos¢), so that E, = -3 KV [(1+a)*(e-uy)* + (e-up)?]
is the anisotropy energy corresponding to sublattice magnetizations parallel to the unit
vectors u, and uy, respectively [59]. In the absence of external fields, the total energy
is minimized when the sublattice magnetizations are exactly antiparallel and oriented
along the easy axis. The application of a field B rotates the lattice magnetizations away
from the easy axis and introduces an induced spin canting. Following Bogdanov et al.
[59], we define the spin canting angle —n/2 < € < n/2, such that u, ;, = tpcose +nsing,
where p is the so-called Néel unit vector parallel to the staggered magnetization direc-
tion u,; —uy, and n L p is the unit vector parallel to the canting magnetization direction
u, +uy. In a spherical coordinate system with B || Z, p = (sinf cosy,sinfsiny,cosf)
and n = n; cos A +ny sinA with n; = (Z x p) x p parallel to the plane spanned by B and e,
n,=Zxplz 0=<0=<n and -7 < y,A <n. In this case, the total energy E per unit of
volume of a particle with the above properties is given by

E
A =+2(1+a)Bg sin®e + [(2+ a)sinecosAsinf —acosecosf] B
0

(5.1)

- % [(e-p)* cos’ e + (e-m)?sin’ €] B,
- %06(2 +a)[(e-p) cose + (e-n) sine]? B,

with the exchange field Bg = A, My and the anisotropy field B; = 2K/ M. The equilib-
rium magnetization of an ensemble of non-interacting particles is given by [60]

O i B) kT
0B

_ i
M(B) = Z Z e~ 7i(B) kT (5.2)
i

J

for all particles with easy axis orientations e; and states i of their Hamiltonian . In the
classical case where the magnetic moments can take any orientation, # = E(0,y, A, ¢€)
and 0#;/0B = —MyV{, with

{=acosecosf — (2+ a)sinesinfcosA (5.3)

being the ratio between the component of the magnetic moment parallel to B, and My V.
In this case, summations in eq. (5.2) are replaced by integrals, obtaining

m/2 —EB,Y) kg T
((Pp)e sin@df dy dAde
M(B) _ /g A

Ms

sin¢pd¢ (5.4)
$=0 / e EBP/ksT sinG d6 dy dA de
gAy,0
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This result cannot be further simplified, since the dependence of E on all five integration
variables is not separable, except when spin canting and anisotropy are negligible: in this
case eq. (5.4) converges to the well-known Langevin law of superparamagnetism [60].

Numerical evaluations of eq. (5.4) are extremely time-consuming, due to the five-fold
integrals: on a PC, a single equilibrium magnetization calculation takes ~7 min using
an optimized method (Appendix: Equilibrium magnetization models). Simulations of
M(B) at 50 K using Bg = 320 T for ferritin [57], show that the equilibrium magnetization
is governed by two regimes (Fig. 5.2). In small fields, thermal fluctuations, which act on
each degree of freedom, induce a small spin-canting angle that adds a random canting
moment m,. perpendicular to the uncompensated moment miyc. If my = 0, the ran-
dom canting moment generates a low-field susceptibility yjr = x1 /3, where y, = My/Bg
is the bulk perpendicular susceptibility of the AF lattice. In larger fields, the canting
moment gets progressively aligned with the field, producing a transition to the high-
field regime given by M = y; B (Fig. 5.2b). If @ my¢Bg > kg T, the uncompensated mo-
ment is much larger than the canting moment, and the low-field magnetization con-
verges to the Langevin model prediction, with yjf = Msmyc/kg T, regardless of single
particle anisotropy. At larger fields, anisotropy decreases the equilibrium magnetiza-
tion, because of the competition between field and easy axis alignment (dashed lines,
Fig. 5.2a). The same result has been obtained previously [60, 61] for non-interacting fer-
romagnetic particles. In the simulations of Fig. 5.2, this ferromagnetic-like regime holds
for myc = 150pug and B<5T.

External fields increase the canting angle of all particles whose Néel vector p is not paral-
lel to the field direction; however, at the same time, the uncompensated moment tends
to align the Néel vector with the field, so that spin canting becomes less effective. As
a result, the spin canting angle continues to be controlled only by thermal fluctuations
until the alignment of the canting moment becomes energetically more favorable than
that of my: at this point, a so-called spin-flop transition takes place through rotation
of the Néel vector by 90°. In bulk antiferromagnets, this is a sudden event that occurs
at the spin-flop field By ~ (2BgB,)'/? predicted by mean-field theory [59]. This result
does not hold for the equilibrium magnetization of AF nanoparticles, because thermally
activated spin canting occurs in all fields. As shown by our simulations, the spin-flop
field is defined, in this case, by the intersection of the Langevin law with the high-field
regime M = y, B of perfect antiferromagnets (Fig. 5.2b). For sufficiently large values of
a (e.g., @ = 0.025 for the 50 K simulations of Fig. 5.2), the spin-flop field for the equilib-
rium magnetization is then given by By = aBg. Contrary to bulk antiferromagnetism
[41], magnetic anisotropy does not affect Bgg; instead, it increases the slope of M(B) in
the Langevin saturation regime, until it becomes indistinguishable from the spin-flop
regime (Fig. 5.3). This occurs because the additional Néel vector misalignment pro-
duced by randomly oriented anisotropy axes enhances the induced spin canting and its
contribution to the equilibrium magnetization already in fields < Bgg. Vice versa, the
same anisotropy effect reduces the alignment of the canting moment above Bgge.

The defect moment model illustrated above is our starting point for assessing the validity
of the modified Langevin fit we used to estimate the distribution of m,. from M(B) mea-
surements, and for testing the origin of the uncompensated moment in ferritin cores.
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Figure 5.2: Numerical simulations of the T = 50 K equilibrium magnetization of randomly ori-
ented AF particles with no anisotropy (K = 0, solid lines), and with anisotropy (K = 18.3 kJ/ m3,
dashed lines), for selected values of myc. Other model parameters are My = 366.8 kA/m, Bg = 320
T, and My V = 6000 up. (a) and (b) represent the same simulations over different field ranges.

For this purpose, we used eq. (5.4) to calculate M(B) at 50 K for an ensemble of ran-
domly oriented particles with the same lognormal distribution of m,. obtained from the
modified Langevin fit, together with model parameters representative for ferritin, that
is, K = 18.3 kJ/m3, Bg = 320 T, and M,V = 6000 ug (Fig. 5.4b). According to this simu-
lation, the spin-flop transition is expected to occur at ~10 T, instead of (2BgB,)'/? ~ 36
T. This is above the maximum field used in our M(B) measurements, but well below the
~50 T maximum field used in experiments that failed to detect such a transition [40, 41].
The lack of a spin-flop transition below 50 T has been attributed to larger-than-expected
values of Bg and/or B, [40, 41]. As shown by our simulations, Bgg is not affected by sin-
gle particle anisotropy, while the >5 times larger exchange field required to push Bgg
beyond the maximum field range of available measurements does not comply with Bg
values obtained from high-field estimates of the AF susceptibility [41]. Therefore, the
only plausible explanation for the discrepancy between the simulation of Fig. 5.4 and
actual high-field measurements of M(B) is that the defect model of Néel [62] does not
provide a correct description of the in-field magnetic moment of ferritin cores.

As far as the effect of anisotropy on the shape of M(B) is concerned, a relatively small but
non-negligible reduction of the equilibrium magnetization occurs over the 0.5-3 T field
range, before the onset of saturation (Fig. 5.4a). This alters the magnetic moment dis-
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Figure 5.3: Numerical simulations of the T = 50 K equilibrium magnetization of randomly ori-
ented AF particles with myc = 300 ug and selected values of the anisotropy constant. Other model
parameters are the same as in Fig. 5.2.

tribution obtained by the modified Langevin fit, lowering the apparent mean moment
by ~40% and increasing the apparent moment distribution width by ~30%. A-posteriori
corrections of the Langevin fit according to these results, however, would not be mean-
ingful, since the absence of a spin-flop transition in fields < 50 T requires a different
model for the superparamagnetic behavior of ferritin. Therefore, we look for spin config-
urations that produce a net spontaneous moment that is not parallel to the Néel vector.
A possible source for such spin configurations is surface anisotropy because it affects the
orientation of surface spins with respect to the bulk.

Surface spins are often assumed to be in a disordered, spin-glass-like state created by
a distribution of exchange field vectors pointing to different directions [63, 64]. The ex-
change interaction between surface and internal spins manifests itself through exchange
bias, that is, the horizontal shift of FC hysteresis. The existence of this exchange bias in
horse-spleen ferritin [12] and in our sample (see section 5.3.6), along with data from
dynamic Mdossbauer spectroscopy [36], testifies for the existence of a surface spin layer
in ferritin cores. Due to the sensitivity of exchange interactions to the position of ions,
surface spins can take multiple configurations that are not necessarily associated with a
complete disorder, as seen for instance with the spike, throttled, and two-pole configu-
rations obtained from simulations of ferrimagnetic nanoparticles [65]. These configura-
tions decrease the net moment of particles with ferrimagnetic order, but represent a pos-
sible source of spontaneous moments in AF nanoparticles. Furthermore, the exchange
coupling between surface and internal spins can alter the AF ordering of the whole par-
ticle [66]. Recent simulations of small AF nanoparticles demonstrate this effect, with
spike, throttled, and disordered internal spin configurations, as well as spin canting (Fig.
11-12 in Laura-Ccahuana and De Biasi [67]). Most importantly, these simulations show
that surface anisotropy increases the spin-flop field and/or limits spin-flopping to sub-
regions of the particles or suppresses it completely, so that the bulk magnetization does
no longer show the effects of a spin-flop transition [67]. Similar effects might also occur
at interfaces between different phases in a polyphase model of ferritin cores, especially
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Figure 5.4: Numerical simulations of the T = 50 K equilibrium magnetization of randomly ori-
ented AF particles with the lognormal distribution of magnetic moments deduced from the mod-
ified Langevin fit of M(B) measurements (logarithmic mean: 215 ug, logarithmic standard devia-
tion: 0.963), calculated using the Langevin model (dashed line), and the AF model of Fig. 5.2 (solid
lines). (a) and (b) represent the same simulations over different field ranges.

if secondary phases consist of few surface atomic layers [30].

In principle, the equilibrium magnetization of AF particles with surface anisotropy can
be calculated by evaluating eq. (5.2) with the Hamiltonian [65, 67]

A= =2 JijSi-Sj-gusB-) Si—Kv Y (ky-Sp?
i,jevV eV ieV 55
—KSZ(ni'Si)Z, -9
iedV

where S; are the spin vectors, J the exchange constant, Ky the uniaxial volume anisotro-
py with easy axis ky, Kg the surface anisotropy, and n; the surface normal vector for the
i-th surface spin. This requires sampling the whole parameter space spanned by the
spin vectors. Some characteristics of the complete solution can be captured by simu-
lations based on an equivalent homogeneous system where the spontaneous moment
m. = 2MyV singg is produced by a zero-field canting angle 5. Spontaneous canting is
generated by an additional energy term proportional to ¢- (u, x up), with ¢ being the unit
vector perpendicular to the canting plane [68]. In this case, the total magnetic energy
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per unit of volume becomes

Mio = Bgug-up+ Bptan(2es) ¢ (ug x up) — B(ug +up) 5.6
+Ea(ug,up,e),

where the term E, accounts for the combined effect of surface and volume anisotropy.
In the isotropic case (E, = 0), the total energy is insensitive to the direction n of canting,
as long as it is perpendicular to c. Therefore, E, = 0 describes an azimuthal dependence
of E with respect to ¢, which requires an additional degree of freedom with respect to the
case of a defect moment. Given the minor role played by realistic values of the magne-
tocrystalline anisotropy in the defect moment simulations of Fig. 5.4, numerical calcu-
lations have been performed with E, = 0. As expected, the equilibrium magnetization of
AF particles with a spontaneous canting moment is equivalent to the sum of a Langevin
term that describes the superparamagnetism of m, and a linear term M = y B that ac-
counts for the induced spin canting (Fig. 5.5a). Because m, is already perpendicular to
the Néel vector, there is no spin-flop transition. The M(B) curve resulting from the same
distribution of moments used to simulate uncompensated moment now contains a lin-
ear term M = y B comparable with the non-paramagnetic component £ (mB/kgT)+y B
of the model used to fit M(B) data (Fig. 5.5b). The normalized slope y/M; of the linear
term is ~40% smaller than the fitted value at 50 K. A good agreement, on the other hand,
is obtained at 250 K. The temperature-dependent mismatch is due to the fact that this
model does not account for the effects of single-particle anisotropy, and in particular
surface anisotropy, on y.

5.3.7. THE ROLE OF DISTRIBUTED PARAMETERS

Magnetic properties of ferritin are usually expressed in terms of averaged quantities or
treated as single-valued parameters (e.g., K, B,, the blocking temperature Ty). This ap-
proach is correct only when it is applied to intrinsic properties of the material, such as
the sublattice magnetizations and exchange constants, and the bulk magnetocrystalline
anisotropy. Parameters that do not represent intrinsic properties of an AF crystal, such
as the magnetic moment and the anisotropy field, must be treated as statistical distribu-
tions to avoid incorrect interpretations, as shown in the following example. The mean
magnetic moment of ~350 ug obtained from simple [12, 69] or distributed (this work)
Langevin fits is usually attributed to an uncompensated moment matching one of the
three models proposed by Néel [62]. The first Néel model associates m, with defects
randomly distributed among the AF sublattices: in this case, myc =~ tge(cN)'/?, where
N = 2500 is the total number of Fe ions in ferritin, ppe ~ 5up their magnetic moment,
and ¢ « 1 the concentration of defects. The good match between (m) estimates ob-
tained with ¢ = 1 and with the Langevin fit has often been used as a validation of this
model [12, 32, 33], even though a simple probabilistic analysis shows the largest possible
mean moment {Myc)max = 0.56 tige N'/2 is obtained with ¢ = 0.5.

Magnetic moment estimates obtained from ferritin nanoparticles with different iron
loadings support a power law of the form m o« NP with p comprised between 1/2 and
2/3, the latter being the exponent expected from the uncompensated moments arising
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Figure 5.5: (a) Numerical simulations of the T = 50 K equilibrium magnetization of randomly
oriented AF particles with no anisotropy for selected values of the canting moment mc. Other
model parameters are My = 366.8 kA/m, Bg = 320 T, and MV = 6000 ug. (b) Same as (a) for a
lognormal distribution of magnetic moments with logarithmic mean of 215 up and logarithmic
standard deviation of 0.963. The Langevin model and the sum of the Langevin and linear terms of
the measurement fits are shown for comparison.

from surface spins belonging to one sublattice only [34]. The same empirical power law
applies to a large compilation of available data on ferritin and ferrihydrite, which yields
p = 0.59 £ 0.06, with no systematic differences related to particle composition (Fig. 5.6).
The maximum possible defect moment (1) max associated with p = 1/2 is compatible
only with two measurements out of a total of 28 so that the Néel defect model must be
discarded. The empirical trend (m) = 0.4 tre N2/3 fits the data almost optimally. Its com-
patibility with a surface-spin-canting origin of the magnetic moment is discussed below.

A better insight into the origin of the peculiar magnetic properties of ferritin is provided
by the joint analysis of the magnetic moment and anisotropy distributions, through the
relation between m, B,, K, and T, imposed by the Néel-Arrhenius model

[
Ep=3mBy=KV = kBTblnT—m (5.7)
0
for the energy barrier of uniaxial single-domain particles, with #,, being the measure-
ment time and 7 the attempt-time for spin reversal.
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Figure 5.6: Mean magnetic moment vs. number of Fe atoms in ferritin and ferrihydrite particles
(circles), obtained from a compilation of literature data [12, 32-34, 70-79]. Lines show best fits
with different power laws described in the text.

We also tried the alternative model of fitting measured equilibrium magnetization curves
with two distinct magnetic moments, as proposed by Brem et al. [29]. Replication of
this approach with our data yields superparamagnetic and linear contributions that are
almost identical to our original model, with a slightly smaller misfit (Appendix, Fig-
ure A5.37). The magnetic moments m; = 97 ug and my = 540 ug and the relative super-
paramagnetic contributions (57% and 43%, respectively) are similar to those obtained
by Brem et al. for horse-spleen ferritin, where m, was attributed to magnetite. Using
a magnetic moment of 4.1 ug per formula unit of Fe3O4, magnetite must contain ~20%
of the ~2000 Fe atoms in our ferritin cores in order to explain the magnetic moment of
540 up attributed to this phase. The model of Brem et al. requires the two moments to
be fully uncoupled in order to be modeled by the linear combination of two indepen-
dent Langevin functions, in which case their contributions to the remanent magneti-
zation would add linearly in the same proportions as the superparamagnetic contribu-
tions. However, the magnetite-like component deduced from our IRM measurements
contributes to ~0.6% of the total blocked magnetization, much less than deduced from
the two-moment Langevin model[29]. This discrepancy is too large to be explained by
uncertainties in the Langevin fit or in fits of the IRM acquisition curves. Therefore, we
assume that ferritin cores are made either by a single phase or by different phases with
rigidly coupled spins, justifying the representation of the core magnetization by a fixed
magnetic moment.

5.3.8. SURFACE-SPIN MODEL FOR FERRITIN

As discussed above, surface spin canting in ferritin cores appears to be the only source of
a spontaneous magnetic moment that is compatible with all magnetic characterizations
reported so far. This model represents the basis of our approach to fit our equilibrium
magnetization curves and obtain the magnetic moment distribution (see section 5.4.4).
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Along with the anisotropy field distribution obtained from the analysis of IRM acquisi-
tion curves, these results allow to verify the consistency of all magnetometry measure-
ments, as explained in the following.

If the magnetic moment of ferritin cores is controlled by surface effects, we can expect
m = N Upe 1)s to be proportional to the number N of surface spins, their magnetic mo-
ment ure = 5up, and the degree 1 = sin g of canting, regardless of the detailed spin con-
figuration. Internal spins might also experience some canting through coupling with the
surface [67]. In all cases, the source of spin canting is related to the surface, and there-
fore, we assume N = KSV2/3 with xg = (367T)1/3(prA/Llf)2/3, where pf = 3.9 g/crn3 is
the density of ferritin cores[80], Na the Avogadro constant, and u; = 96 g/mol the molar
mass per Fe atom obtained with the chemical formula 5Fe, 03 - 9H,O of six-line ferrihy-
drite. The resulting expression m = ksurens V>3 explains the data compilation in Fig.
5.6, yielding s = 0.4 if only surface spins are canted. Much lower canting angles are re-
quired if spin canting extends to internal spins [67]. Alternate compositions have been
proposed for the ferritin mineral core [19]: if this composition is indeed significantly dif-
ferent from that of ferrihydrite, it does not affect the magnetic moment, as seen in Fig.
5.6.

According to this model, the distribution of In(), which is usually assumed to be Gaus-
sian when fitting M (B) curves, is given by g, = giuy * gy2i3, Where gy and gy2/s are the
distributions of In(ksugens) and In V23, respectively, and “*” is the convolution operator.
Deconvolution of g, obtained from fitting M(B) curves with g2 obtained from TEM
observations thus yields an estimate of g, from which the distribution of 75 easily de-
rived. The maximum range of this distribution should not exceed s = 1 for a physically
reasonable spin canting model.

The surface spin model must also satisfy the Néel-Arrhenius model of eq. (5.7) when
the distributions of m, B, and Ti, are considered. The normalized temperature depen-
dence M;(T)/M;(0) of the saturation remanent magnetization M; yields, by definition,
the integral of the blocking temperature distribution, f;, (7). The function f;,(T) can also
be reconstructed from E}, = mB,/2 using the distributions of m and B, obtained from
M(B) and from IRM acquisition curves, respectively. These distributions, however, are
extremely broad, so that the product mB depends critically on the type of relation exist-
ing between m and B, and not just on the respective mean values. In the case of ferri-
magnetic SD particles with spontaneous magnetization M, m = MgV and B, = 2K/ M
are independent variables, because M is a fixed material property. Accordingly, the dis-
tribution of In(mB,) is given by the convolution of the distributions of In(m) and In(B,),
respectively. This approach, however, does not hold for AF particles, where Mg = m/V is
itself distributed. Accordingly, in the case of ferritin, convolution of the distributions of
In(m) and In(B,) yields an extremely broad distribution of energy barriers, which does
not match f;,(7) (Appendix, Figure A5.38).

The correct expression for the anisotropy field of AF particles obtained from eq. (5.7) is
B, = 2K/m: in this case, B, is inversely proportional to the magnetic moment, and the
two factors in E, = mB,/2 are no longer independent variables. The inverse relation be-
tween m and B, can be understood by considering that the work required to reverse all
spins of the AF lattice must be provided by the Zeeman energy of the magnetic moment
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in the switching field By, so that a smaller magnetic moment must be compensated by
alarger Bgy o B,. The above model for m yields B, = 2KV'/3/xspigens. If V is a narrow
distribution, as in the case of ferritin cores, any size dependence of K and 7 is negligi-
ble, and B, is the product of almost completely independent statistical variables. The
resulting anisotropy field distribution is then given by ga = g2x/xy * §y1/3 * g,-1, where
g2k /xp» 813, and g1 are the distributions of In(2K/xpge), In V"3, and Inn~!, respec-
tively so that g, can be reconstructed from estimates of K, V, and m obtained from mag-
netometry measurements. On the other hand, g, can also be obtained directly from IRM
acquisition curves, using the well-known relation B, = 2.083Bg,, for randomly oriented,
uniaxial SD particles [81]. The two reconstructions of the anisotropy field distribution
must coincide if the surface spin model described above correctly describes the spin
configuration of ferritin cores.

5.4. RESULTS

5.4.1. ELECTRON PARAMAGNETIC RESONANCE

Figure 5.7a shows the continuous wave 9 GHz EPR spectra between 5 and 210 K. The
most prominent feature is a broad signal with a linewidth of ~100 mT at 190 K, which is
centered at g’ = 2.0. This broad signal is due to the mineral core in the protein shell of
ferritin, in agreement with what has been reported in literature [15, 16, 23, 24, 27]. Three
narrow signals overlap with the broad spectrum at g’ = 2.0, 4.3, and 5.8, respectively
(arrows). The g’ = 4.3 and g’ = 5.8 signals are usually attributed to mononuclear rhombic
Fe(III) sites [15, 23, 24, 53, 82] and high-spin Fe(III) in methemoglobin [83], respectively.
Multiple lines at g’ = 2.0 [53, 83] might be ascribed to radical impurities, Cu(Il), and
possibly a small indication of Mn(II) [24], but the origin is not further investigated. The
amplitude of the g’ = 4.3 signal is inversely proportional to the logarithm of temperature,
as expected from a paramagnetic contribution (data not shown). The other two narrow
signals at g’ = 2.0 and 5.8 follow qualitatively the same trend.

The lineshape of the broad signal, which is due to the magnetic moment of ferritin cores
(Fig. 5.7a), is nearly Lorentzian at higher temperatures. Below 100 K, the shape becomes
more asymmetric and is better fitted to a Gaussian shape. At 5-10 K, the amplitude of
the broad signal has decreased to the point of being barely identifiable. The double inte-
gral of the broad EPR component, which reflects the total number of ferritin-core spins
in the sample, increases with temperature, reaching a plateau at 100 K, followed by a
slight decrease above 180 K (Fig. 5.7b). The increase in EPR signal amplitude with tem-
perature is typical for superparamagnetic particles with an antiferromagnetic ground
state [16, 23, 25, 45], and can be explained by the fact that only unblocked particles,
whose fraction increases with temperature, contribute to the signal. Once all particles
are unblocked, a paramagnetic behavior, characterized by a decrease of the EPR spec-
tral amplitude with increasing temperature is observed. Therefore, the maximum value
of the signal intensities (Fig. 5.7b), at T ~ 100 K, marks the transition from a regime of
progressive unblocking of the magnetic moments to a regime where all moments are
unblocked, thus representing the maximum blocking temperature of ferritin cores.
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Figure 5.7: (a) EPR spectra acquired between 5 and 210 K (in order of ascending amplitude from
lowest to highest temperature). Arrows point to the narrow signals centered at g’ = 2, 4.3, and
5.8, respectively. (b) The double integral of the broad signal component in (a), as a function of
measurement temperature.

EPR simulations provide further insights into the nature of the broad signals. For this
purpose, the ferritin core is considered as a single large spin S resulting from the coupling
of individual iron ions in the core [2, 52]. The corresponding spin Hamiltonian, used to
describe the spectra, is given by

H=upS-g-B+S-D-S§, (5.8)

with up being the Bohr magneton, S the electron spin operator associated with the spin
number S, g the g-factor tensor, D the traceless zero-field splitting tensor, and B the
applied magnetic field. In relation to magnetometry, the total spin of a particle can be
expressed as [52]

s=—+t (5.9
with u being the effective magnetic moment of the particle [52]. The zero-field splitting
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is then expressed by

B
__g,u'B a (5.10)

- ’

28

with B, being the effective anisotropy field [44]. In the case of particles with uniaxial
anisotropy, B, = 2KV/m, with K being the anisotropy factor and V the particle volume.

Simulations based on a single component produce a poor fit to the data (Fig. A5.22), sug-
gesting that at least two components are needed in order to capture the relevant spectral
features. Automated two-component fitting approaches, however, yield unphysical re-
sults even in the case of limited parameter sets (see Appendix: "EPR alternative fitting
approach"). This is because the line shape of high-spin systems such as ferritin does not
depend in a simple manner on D and S. Furthermore, very different component combi-
nations can fit broad line shapes equally well, so that meaningful fitting results depend
critically on the initial parameters.
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Figure 5.8: Selected EPR spectra (black lines) and their simulations (red dashed lines), at 30 K (a),
80K (b), 130 K (c), and 190 K (d).
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Physically meaningful initial parameters have been obtained at selected temperatures
by visually matching the measured spectra with a set of components covering a wide
range of values for D, S and the Gaussian broadening parameter Hgqin (See Appendix:
"EPR simulations of individual components"). Because of the excessive computation
time required for simulating realistic values of S in excess of ~100, the scaling procedure
of Fittipaldi et al. [2, 52]

Steal =81, Dreat =D/, Treq =T 1 (5.11)

has been used to relate realistic parameters to those used for fitting, through a scaling
factor n. For instance, a simulated spectrum with S = 100 is obtained by rescaling a
corresponding calculation performed for S = 10, using n = 10. The combination of two
model spectra with g’ =2.01 and S = 10, which most closely reproduced a chosen exper-
imental spectrum, served as an initial guess for the final optimization of the component-
specific parameters D and Hgqin. Simulated spectra obtained with this procedure are in
excellent agreement with experimental data at each measurement temperature (Fig. 5.8,
see Fig. A5.23 for all temperatures). Details of the optimization procedure are explained
in Material and Methods, and the optimized model parameters are listed in Table A5.6.
Both components are centered at By = 336 mT, but the first component (E1) is signifi-
cantly narrower than the second one (E2) (Fig. 5.9a, see Fig. A5.24 for other tempera-
tures). The temperature dependence of E1 and E2 is small compared with the respective
error margins (Appendix, Fig. A5.25). A systematic variation of D, Hrain, and the rela-
tive contributions of E1 and E2 cannot be excluded, but the trend is not sufficiently well
defined to support further interpretations.
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Figure 5.9: Total EPR spectrum (solid line) and components E1, E2 (dashed lines) at 80 K.

5.4.2. DC SUSCEPTIBILITY AND HYSTERESIS
The superparamagnetic behavior of human-liver ferritin is well captured by FC-ZFC
measurements (Fig. 5.10a). The curves bifurcate at Ty max = 24 K, which corresponds
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to the largest unblocking temperature of the particles. The ZFC data display a peak at
T}, = 10.5 + 0.5 K, in agreement with an earlier characterization of ferritin [12]. The rela-
tion T}, < Ty, max is indicative of a distribution of blocking temperatures. The opening of
the hysteresis loop below T}, confirms the blocking process and the occurrence of mag-
netic irreversibility (Fig. 5.10b). The slight horizontal offset of the FC hysteresis loops
highlights the presence of an exchange coupling field Bex = 25 mT, persistent at 5 and 25
K (Fig. 5.10d). This exchange field is similar to Bex = 32 mT reported for horse-spleen
ferritin [12].
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Figure 5.10: (a) ZFC-FC magnetization curves, measured at 5 mT. (b) Isothermal-induced magne-
tization measured at 150 K (full squares) and 5 K (empty circles). Both temperatures were reached
in ZFC conditions. (c) Close-up of (b) centered on the origin, showing hysteresis opening at low
temperature. (d) Detail of ZFC (black diamonds) and FC (orange stars) hysteresis around the ori-
gin, measured at 5 Kin a maximum field of 0.3 T.
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5.4.3. AC SUSCEPTIBILITY

The in-phase AC susceptibility y'(T) (Fig. 5.11) shows a broad peak that shifts towards
higher temperatures upon increasing the frequency of the AC field [84]. In-phase mea-
surements have been fitted to a model derived from Gittleman et al.[85], while the imag-
inary part was ignored, due to its low SNR (see Appendix, Fig. A5.35). Full y'(T) curves
were calculated by integrating the analytical expression [85] for y’ over a distribution
I'(Ep) of anisotropy energy barriers Ey, thereby relaxing any assumption about the ana-
lytical dependence of E}, on the particles volume distribution:

¥ (T;0)
X1

1 kBTlIl(‘[ou)) b
1+ B(Ew) / (&TT -1 I'(Ep, pup,0p)dEp (5.12)
b/’ Jo

where w = 27v is the AC frequency in rad/s, 7 is the inverse attempt frequency of ther-
mal activations, y; is the susceptibility in the blocked state, a = (sin? ¢)/2, where the
average is over all angles ¢ between easy axis and field, with a = 1/3 in case of random
orientations, and f is a scaling factor with a theoretical value of 1 for blocked particles
described by the model of Stoner and Wohlfarth [81]. We note that the single-domain
susceptibility of blocked particles is not temperature-independent as assumed in the fit-
ting equation, since it depends on the temperature-dependent anisotropy constant and
spontaneous magnetization. Therefore, this remains a coarse approach to determine Ej,.
Equation 5.12 was used to fit the AC susceptibility measurements using the Gamma
function I'(Ey, ug,0p) with mean pr and width parameter oy as energy barrier distri-
bution [55]. The attempt time was fixed to 9 ps, based on reported AC susceptibility
ferritin data [32].

The mean and standard deviation of the energy-barrier distribution used to fit the data
(eq. 5.12) are 144.74 K and 57.02 K, respectively. Note that the scaling parameter, S,
decreased by 30%, upon decreasing the frequency.

5.4.4. EQUILIBRIUM MAGNETIZATION

Isothermal magnetization curves acquired in fields up to 7 T at temperatures = 15 K (Fig.
5.12a) are close to equilibrium: the residual hysteresis opening at 15 Kis ~3% of M;, and
drops to ~0.5% at 27 K. A modified Langevin model of the form M(B) = (B, f)+ yB was
used to fit the equilibrium magnetization, where . is a superparamagnetic term result-
ing from the partial alignment of unblocked magnetic moments with distribution f in
the applied field, and y B is a linear term that includes superantiferromagnetic and para-
magnetic contributions. In case of isotropic particles with identical magnetic moments
m that are sufficiently large to ignore quantization effects, the superparamagnetic term
is proportional to the Langevin function £ ({) = cothé - ¢ ~1 with & = mB/kgT, where
kg is the Boltzmann constant, and T the absolute temperature [32, 34]. This model re-
produces the equilibrium magnetization calculations for canted spins discussed in sec-
tion 5.3.6 (Fig. 5.5).

Single-particle magnetic anisotropy decreases the magnetic moment alignment of me-
chanically blocked, randomly oriented particles as soon as the linear regime of £ is
left [60, 86, 87]. In the limit case of infinite uniaxial anisotropy, particles possess only
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Figure 5.11: AC-magnetic moment and susceptibility of human-liver ferritin, probed in the sub-

kHz frequency range. Top Panel: normalized in-phase susceptibility data (circles) and fit (solid
line) to equation 5.12. Bottom Panel: Residuals of the fit.

two magnetic states with m parallel or antiparallel to the easy axis, in which case &
is replaced by ¥4 (¢) = (cos¢tanh(¢ cos¢)), where (.) denotes the average of individual
particle contributions over all angles ¢ between easy axes and field. This function was
originally proposed by Néel [62], and used by Gilles [43] as a model for ferritin super-
paramagnetism. .Z and ¢ have the same slope at B = 0, but their B — oo limits are 1 and
1/2, respectively. Particles of volume V and finite anisotropy constant K are character-
ized by intermediate equilibrium magnetization functions comprised between £ and
¢, whose shape is controlled by the anisotropy parameter x = KV/kgT. Unfortunately,
these functions cannot be expressed analytically, so £ or ¢ are used instead, regardless
of the effective particle anisotropy [12, 32, 57, 69, 87]. The Langevin function is a good
approximation of the superparamagnetic behavior for ¥ < 2 (maximum error: 2%), and
still considerably better than ¢ for ¥ < 10 (maximum error: 20%). Using K = 18.3 kJ/ m?
for our ferritin sample (see section 5.5.3) and the volume of spherical cores with a diam-
eter of 7 nm (Fig. 5.1), the ¥ < 2 and x < 10 conditions are fulfilled for T > 100 K and
T > 24 K, respectively, which means that Z is a valid model for all measurements shown
in Fig. 5.12a, except the 15 K one.
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Figure 5.12: (a) Measured isothermal magnetization curves (dots) and corresponding best fits with
eq. (5.13) (lines), at temperatures indicated by numbers. Residuals, defined as the difference be-
tween measurements and model, normalized by the measured magnetization at 7 T, are plotted
below. (b) Same as (a), after subtracting the modeled linear term from each curve. The 15 and
20 K magnetizations have been multiplied by 1.13 and 1.05, respectively, for better visualization.
(c) Logarithmic mean of the magnetic moment distribution at measurement (dots, with 2¢ error
bars). The dashed line is the best-fitting antiferromagnetic magnon law obtained from > 50 K
moment estimates, with u;,(0) = 215.4 ug and a = 0.0043. (d) Non-paramagnetic susceptibility
x from the yB term in eq. (5.13) (black dots with 2¢ error bars, left axis), and 1/y (red dots with
20 error bars, right axis). The dashed line represents the best-fitting Curie-Weiss law above 150 K,

with ® = -194 K.
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Implementation of the superparamagnetic term for a single-valued magnetic moment
yields large model residuals with systematic trends (Appendix, Fig. A5.34), indicating
that the real moment distribution is a broad function. Therefore, % needs to be inte-
grated over the moment distribution f(m), usually assumed to be a lognormal function
with unknown logarithmic mean y,, and logarithmic standard deviation o, [43, 69].
Furthermore, the presence of paramagnetic spins, suggested by EPR measurements, re-
quires to split the linear term of the fitting function into a term associated with the fer-
ritin cores, and another term for the paramagnetic contributions. The resulting model is
given by

M(B,T) = oc,um/ x(‘]‘c“—m)f(m,um,am)dmw(T)B
0 g T

+n By UEHE),

(5.13)

where «a is a scaling factor, such that M = ap is the saturation magnetization of the su-
perparamagnetic particles, y is the high-field magnetic susceptibility of the cores, and
9 is the Brillouin function describing the magnetization of paramagnetic spins with
total spin quantum number J and magnetic moment gug. The scaling factors @ and
1 account for the unknown concentration of ferritin cores and paramagnetic spins, re-
spectively. The use of M; = au ensures that the saturation magnetization has the same
temperature dependence as the magnetic moment, as expected for a superparamag-
netic system where saturation is reached by magnetic moment rotation only. The para-
magnetic term is justified by the identification of a corresponding EPR component with
g’ = 4.3, originating from mononuclear Fe3* ions with J = S = 5/2. This EPR component
covers a large field range and is therefore dominant over other paramagnetic contribu-
tions with g’ = 2 and 5.8. In order to avoid model instabilities caused by the similar
shapes of the Langevin and Brillouin functions, the shape of the latter has been fixed
using J = 5/2 while maintaining g unconstrained.

All M(B) curves in the 15-250 K range have been fitted globally, that is, with common
temperature-independent parameters «, 1, 0 ;, g, and one set of temperature-dependent
parameters (i, and y for each curve. The assumption that ¢, does not depend on tem-
perature is justified by the fact that the width of a broad moment distribution is relatively
insensitive to possible differences between the temperature dependencies of small and
large magnetic moments. Parameter confidence intervals have been calculated using
a Monte Carlo error estimation, which consisted in adding random errors to the data,
based on the standard deviation of the random component of model residuals. Resid-
uals are comprised between +0.5% of the maximum magnetization at 7 T (Fig. 5.12a),
with a common field-dependent trend limited to +0.2% and a random component asso-
ciated with measurement errors. The small systematic misfit might be caused by a non-
lognormal distribution of magnetic moments, by deviations from the Langevin model
due to single particle anisotropy, or by a small field dependence of y. An almost com-
plete saturation of the superparamagnetic contribution in the 7 T maximum field is at-
tained at the lowest temperatures (Fig. 5.12b), meaning that the moment distribution
can be recovered from the data, up to a small fraction of the smallest moments, whose
magnetization saturates in larger fields.
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The temperature dependencies of y,, and y (Figure 5.12c,d) are qualitatively similar to
those obtained by Makhlouf et al. [12] and Gilles et al.[57]. The maximum mean mo-
ment (m) = exp (i, + 02,/2) = 333 g is slightly smaller than the single-valued estimate
of ~ 350 ug obtained from horse-spleen ferritin using a simple Langevin fit with linear
term [12]. The temperature dependence of y,, is characterized by two opposed trends:
a ~10% increase over the 15-27 K range, followed by a quadratic decrease compatible
with the bulk antiferromagnetic magnon law, g, (T) = p,,(0)(1 — a T?) (Fig. 5.12c) [69].
The initial increase p,, (T) is likely an artifact of the Langevin model. As previously men-
tioned, the equilibrium magnetization of particles with finite anisotropy becomes pro-
portional to ¢(¢) at T — 0. In a Langevin fit, this function is approximated by ~0.5 £ (2¢).
Because ¢ « m, the apparent moment obtained from the Langevin fit decreases as the
appropriated model function changes from Z(¢) to ¢(¢). The non-paramagnetic sus-
ceptibility y decreases monotonically with temperature, approaching a Curie-Weiss law
with Ocw = —194 K above ~100 K (Fig. 5.12d). Deviations from this trend are expected
in the case of AF nanoparticles, because of superantiferromagnetic contributions aris-
ing for instance from uncompensated spin planes [41]. Spin frustration might also con-
tribute to y, as seen by similar temperature dependencies encountered in systems dom-
inated by this effect [88].

5.4.5. COERCIVITY DISTRIBUTIONS

IRM acquisition curves M;(B) describe the acquisition of a remanent magnetization
from an initially demagnetized state after the application of increasingly large fields, un-
til the so-called saturation remanent magnetization M is reached. Only particles that
are blocked over the time needed to zero the magnetic field and measure the magnetic
moment (about a minute in the case of MPMS measurements) contribute to the IRM. Ac-
cordingly, the amplitude decrease of M;(B) with increasing temperature is caused by the
progressive unblocking of magnetic moments (Fig. 5.13), and M(7) is the integral of a
blocking temperature distribution probed by remanent magnetization measurements.

IRM curves become non-monotonic around 20 K, with an inflection around 0.15 T. The
negative slope section denotes a low-coercivity phase that acquires a negative remanent
magnetization. Because of the nature of the IRM acquisition protocol, which is formally
equivalent to a partial hysteresis between B = 0 and Bj;,, negative M;(B) slopes must be
associated with inverted hysteresis [89], a phenomenon that arises from the exchange
coupling between phases with different coercivities. These phases can be detected by
fitting M;(B) with a linear combination of model curves representing their individual
contributions:

M(B) = M;F(B,p)), (5.14)

4

where M; is the saturation remanent magnetization of the i-th component, and F the
primitive of a model function f used to represent the corresponding coercivity distribu-
tion [90, 91], whose shape is controlled by a set of parameters p. Assemblages of mag-
netic particles with uniform composition, size, and shape are characterized by unimodal
coercivity distributions, which, on a logarithmic field scale, are well approximated by a
normal distribution A4 (log B,log ug, o g) with logarithmic mean up and standard devia-
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Figure 5.13: IRM acquisition curves at selected temperatures (dots), model components used to
fit the data (solid curves labeled by component number), and modeled total magnetization (un-
labelled gray curve). The shaded band around each component corresponds to the 1-standard
deviation uncertainty obtained from bootstrap simulations of measurement errors. Model resid-
uals, expressed in percent of the maximum magnetization at 5 T, are plotted below.
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ion o [90, 92], or, more often, by slightly left-skewed generalizations of the normal dis-
tribution [91, 93]. Depending on the distribution skewness, pp is more or less close to the
median acquisition field B ,», which is the field required to acquire half of the saturation
remanent magnetization.

Coercivity distributions do not have necessarily an intrinsic physical meaning, being
just defined as the first derivative of magnetization curves. A notable exception is rep-
resented by uniaxial single-domain particles described by the Stoner-Wohlfarth model
[81]. In this case, f(B) represents the relative contribution of particles with switch-
ing field By = B to M. Ferritin behaves as an assemblage of non-interacting Stoner-
Wohlfarth particles, as seen from the identity between the shape of IRM acquisition
curves and curves obtained by applying the same protocol to samples with a previously
imparted negative saturation remanent magnetization [94, 95]. Well below the block-
ing temperature, the switching field is related to the anisotropy field B, = 2KV/m by
Bgy = { By with { = 0.524, if particles are randomly oriented [96].

A linear combination of four coercivity components of the form

B

F(B) @1(T)y(Bl/2®2(T)) (5.15)
has been used to model IRM acquisition curves at selected measurement temperatures.
In eq. (5.15), & (x) is a sigmoidal function with .#(0) = 0 and .#(co) = 1, based either on
the Langevin or the tanh function, ©;(T) is a function describing the cumulative block-
ing temperature distribution of the corresponding component, with ©;(0) = 1, By, is
the median acquisition field at 0 K, and ©,(7T) is a monotonically decreasing function
describing the decline of By, with temperature, caused by thermally activated moment
switching[96]. The effects of exchange coupling between a higher- and a lower-coercivity
component are modelled by multiplying F(B) of the lower-coercivity component with a
smoothed sign function, centered at the mean value of the exchange field, which roughly
coincides with the inflection point of the IRM curve (Appendix: "Equilibrium magneti-
zation models").

Below ~15 K, the IRM is dominated by two coercivity components, C1 and C2, which
contribute to 96% of the total M. The blocking temperatures of the other two compo-
nents, C3 and C4, are much larger than those of the bulk sample, contributing mainly to
the IRM curves acquired at 20 and 25 K. In the case of C4, the maximum Tj, is close to that
of magnetoferritin [97]. C1 and C2 are characterized by slightly different temperature
and field dependencies, with By, = 1 T at 3 K. C3 and C4 are characterized by strongly
contrasting median acquisition fields, with By, = 3.2 T and ~0.12 T, respectively, at 20
K. C3 is heavily unsaturated at 5 T. Extrapolation of the model function used to fit this
component to higher fields suggests that saturation occurs above 50 T (Fig. 5.14b), sim-
ilarly to what has been reported for goethite [98]. The field dependence of C4 is within
the range that can be expected from ferrimagnetic minerals: equidimensional magnetite
and maghemite nanoparticles with sizes above 4 nm are characterized by coercivities of
40-50 mT at 5 K [99, 100]. The larger median field of C4 might be explained by additional
contributions from shape and surface anisotropy, in case of smaller, irregular crystals
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Figure 5.14: (a) Logarithmic switching field distribution of Components 1+2 at 3, 5, 9, 13, and 17
K (solid lines in order of decreasing amplitude), and the predicted temperature dependence of the
peak for particles with randomly oriented uniaxial anisotropy axes (dashed line). (b) Same as (a)
for Components 3 and 4. (c) Fraction of blocked magnetic moments for Components 1+2, 3, and
4, as a function of temperature.

partially replacing the Fh core.

C3 and C4 are coupled by an exchange field Bex =~ 82 mT. At fields <« Bey, C4 acquires a
significant fraction of its saturation remanent magnetization, while C3 is still close to its
initial demagnetized state, owing to its much larger coercivity. As C3 becomes progres-
sively magnetized in the positive direction, negative exchange coupling causes C4 to be
switched to the opposite direction, leading to a decrease of the total IRM. When C4 is
negatively saturated, around 200 mT, the total IRM starts to increase again, due to the
continuing IRM acquisition of C3. The non-monotonic IRM acquisition characteristics
of these two negatively coupled components become clearly visible above 20 K, when C1
and C2 are almost completely superparamagnetic, no longer contributing to the rema-
nent magnetization.

While the identification of C3 and C4 with independent entities is justified by the ex-
change coupling signature, the existence of C1 and C2 as independent components, in-
stead of a single component, might just reflect the need to use two model functions to
describe the complex shape of a single coercivity distribution [91]. Because of their simi-
lar field and temperature dependencies, C1 and C2 are merged into a single component,
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labeled as C1+2. C1+2 is characterized by a very broad coercivity distribution, which ex-
tends over ~ 4 orders of magnitude (Fig. 5.14a), and a maximum blocking temperature
of ~20 K (Fig. 5.14c), which is close to the merging point of FC-ZFC low-field magneti-
zation curves (Fig. 5.10a). The temperature dependence of B;,», which can be identi-
fied with the coercivity distribution peaks in Fig. 5.14a, is well described by the thermal
activation model of Egli and Lowrie [101] for the switching field of randomly oriented
single-domain particles with uniaxial anisotropy energy mB,/2, when B, = 2By ,2(T = 0)
is taken from the extrapolation of the IRM fitting model to 0 K, and m = 325 ug is as-
sumed (dashed line in Fig. 5.14a). The required magnetic moment is close to the mean
value of ~ 333 up derived from the Langevin model of isothermal magnetization curves.
Consideration of the random particle orientation is very important, as simpler thermal
activation models based on aligned anisotropy axes [102] require unrealistically large
moments of the order of ~1000 up to fit the distribution maxima in Fig. 5.14a.

5.5. DISCUSSION

In this work, we present a comprehensive investigation of human-liver ferritin by in-
depth electron paramagnetic resonance and an extensive set of magnetometry tech-
niques. The goal is to determine the spin structure of ferritin in order to elucidate the
composition of the ferritin core in terms of magnetic phases. Figure 5.15 shows the com-
bination of techniques used to determine the properties of ferritin cores and produce a
model for their spin configuration. Magnetometry measurements yield the magnetic
moment, blocking temperature, and energy barrier distributions, while EPR provides an
important constraint on the paramagnetic contribution to M(B) curves, as well as inde-
pendent estimates of the anisotropy field and the blocking temperature over a much
shorter time range of the order of 0.1 ns. Comparison with magnetometric blocking
temperatures permits to verify the Néel-Arrhenius law and estimate the attempt time of
thermal activations. The volume distribution of ferritin cores is obtained from TEM ob-
servations and yields, in combination with the anisotropy field distribution, an estimate
of the magnetocrystalline anisotropy constant. The volume and magnetic moment dis-
tributions provide also important constraints on the spin configuration of ferritin cores.

The combination of this unusually broad set of experimental data shows that several of
the previous approaches to interpret ferritin data give inconsistent results, requiring a
new theoretical model to fit the data and derive the magnetic properties of this iron-
oxide nanoparticle. One of the crucial findings is that the distribution of magnetic pa-
rameters that do not reflect intrinsic properties of the core material, such as y (m) and
B,, need to be taken into account explicitly.

The following discussion starts with the properties of ferritin derived from the EPR anal-
ysis and continues with key parts of the analysis of magnetometry results. The latter
leans heavily on sections 5.3.6, 5.3.7, and 5.3.8, which describes the framework on which
the interpretation is based. The discussion is concluded by the joint interpretation of
EPR and magnetometric models, leading to the description of the spin structure of the
core of human-liver ferritin.
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Figure 5.15: Schematic representation of different techniques used for ferritin characterization
and their use for the determination of relevant properties. Abbreviations: PM — paramagnetic
contribution, exchange — exchange coupling between magnetic components, spin conf. — spin
configuration. For the rest of the symbols, the reader is referred to the main text.

5.5.1. EPR SIMULATIONS

In this section, we describe the EPR spectra of ferritin, which are characterized by broad
signal attributed to the core material (Fig. 5.7). Compared to standard EPR signals,
ferritin spectra are extremely broad and the changes with temperature are small, thus
lacking clearly resolved features. The several hundred mT width and the overall Gaus-
sian shape at temperatures smaller than 100 K suggest an ensemble of ferritin cores with
slightly different properties resulting in a distribution of EPR parameters. To analyze the
EPR spectra, we use a quantum-mechanical description of the magnetic properties of
ferritin cores, and in particular, we focus on the lineshape and its temperature depen-
dence. This approach allows us to directly obtain the spin structure of ferritin from the
simulated EPR spectra. For other approaches see the Appendix.

There are several challenges associated with analyzing the EPR spectra. For high-spin
systems such as ferritin, variations in the lineshape due to the spin state S and the zero-
field splitting D are not systematic, making it challenging to predict which parameters
should be used in the simulations of the EPR spectra. Therefore, equivalent simulated
spectra can be obtained by many different sets of EPR parameters, such as S and D,
defying standard optimization methods. As an illustration of this problem, an attempt
to perform an automatic fit by varying just a few parameters did not lead to a global
minimum (see Appendix: "EPR alternative fitting approach"). Therefore, a different ap-
proach based on the use of carefully chosen model spectra (see section 5.4.1) was used,
as discussed in the following.

A minimum of two components are required to simulate the experimental spectra in a
satisfactory manner (Fig. A5.22 vs. Fig. 5.8b). Simulations with more than two compo-
nents were not attempted, to avoid an excessive number of free parameters. No assump-
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tions were made about the temperature behavior, such as, for example, that the relative
weight of the components or the D values have to be constant for all temperatures, even
if these assumptions might be justified by certain models.[2] The model parameters for
the two components E1 and E2 were selected from simulated spectral lineshapes ob-
tained for a range of D and S values (see Appendix: EPR Model Simulations, Fig. A5.30).
A summary of the parameters used in the final simulations is given in the Appendix,
Table A5.3 and Fig. A5.25. The temperature dependence of the parameters does not ex-
clude a systematic variation of D with temperature, but the trend is not sufficiently well
defined to support further interpretations.

How different are the two components E1 and E2 chosen for fitting EPR measurements?
For all temperatures, D; is 2.5 times smaller than D, on average. However, D and S are
not independent but inversely related (eq. 5.10), so that a change in D can be compen-
sated by the inverse change in S without changing the overall shape (see Appendix: EPR
S-D inverse compensation). For instance, in the case of equal D values for both com-
ponents, S; must be ~2.5 times smaller than S, to obtain the same total EPR spectrum.
The two components do not necessarily represent two distinct families of ferritin, rather
they should be considered as a mathematical construct to represent an overall broad
distribution. The hypothesis of an underlying broad distribution is supported by the
fact that the Gaussian broadening used in the simulations exceeds the D parameters by
at least an order of magnitude, which can only be explained by a distribution of ferritin-
core spin configurations within the ferritin population. The overall Gaussian lineshape
of the EPR signal below 100 K reveals an inhomogeneous broadening typical of a reso-
nance that consists of centers with a distribution of anisotropic magnetic parameters.
The resonance narrows at higher temperatures, yielding an overall Lorentzian lineshape
above 100 K, revealing that a dynamic process averages the differences in the anisotropy
of the different centers. Such a line narrowing at higher temperatures was attributed to
anisotropy averaging [48] or, alternatively, anisotropic melting [49, 50].

SCALING MODEL OF EPR PARAMETERS

The real value of S for ferritin cores must be much larger than S = 10 used in our simu-
lations. The scaling approach proposed by Fittipaldi et al. [2] (eq. 5.11) permits to find
equivalent parameters Sye, and Dy, corresponding to more realistic magnetic moment
estimates, while maintaining the same lineshape. Two examples with scaling factors
n=10and »n = 30 are given in Table 5.1.

EPR results can be compared with ferritin properties reported in the literature by de-
riving ¢ and By from S;eq) and Dy, through eq. (5.9) and eq. (5.10), respectively. Our
range of estimates for p is within the range published by Brem et al. [29] (128-556 ugp)
and by Koralewski et al. [103] (133-239) ug. On the other hand, our estimated interval
of 0.1-0.3 T for B, is independent of scaling, and agrees well with the 0.08 < B, <0.27 T
range reported in the literature [15, 104] for 5.4-7.0 nm ferritin cores. Previous EPR stud-
ies on horse-spleen and human-spleen ferritin focused on describing qualitative aspects
of the EPR lineshape (EPR intensity and width variations vs. temperature and different
ferritin samples), all agreeing on the broad signal located at g’ = 2.0 and its observed
temperature dependence[15, 16, 23, 25, 26, 105]. However, a few EPR spectra present a

103




104 5. EPR CHARACTERIZATION OF HUMAN-LIVER FERRITIN

more asymmetric lineshape, especially at lower fields[25, 26], the shape of which does
not agree well with our spectra.

Table 5.1: EPR parameter scaling and corresponding magnetic moments p for T =20 K. n is the
scaling factor and Bj, the scale-independent anisotropy field.

El1(B,=0.1T) E2 (B, =0.3T) El1 & E2
n Sreal Dreal MHZ)  Speal  Dreat MHZz) i (up)
1 10 —-180 10 —-450 20
10 100 -18 100 —45 200
30* 300 -6 300 -15 601

*maximum scaling factor, see text.

5.5.2. FERRITIN PROPERTIES DERIVED FROM MAGNETOMETRY

Combined analysis of M(B) curves, AC susceptibility, and IRM curves highlights the in-
consistency of models used in the literature to interpret the magnetic properties of fer-
ritin (see sections 5.3.6, 5.3.7, and 5.3.8). IRM acquisition curves (Fig. 5.13) support
the existence of multiple magnetic phases. The main phase, which we attribute to Fh
cores, has a median blocking temperature of ~8 K and contributes to ~96% of the rema-
nent magnetization at 3 K. The remaining magnetization is carried by a magnetite-like
low-coercivity phase (~0.6%), exchange-coupled with a high-coercivity phase, which be-
come dominant above ~17 K. The very large saturation field of the high-coercivity phase
is compatible with goethite nanoparticles [98], and possibly also wiistite [106]. The con-
tribution of these two secondary phases in our sample is negligibly small, compared to
estimates obtained with diffractometric techniques (e.g., 30% magnetite in horse-spleen
and human-liver ferritin).[8]. While these secondary phases must coexist within the
same protein shells due to their exchange coupling, it is not clear whether they repre-
sent fully altered ferritin cores, or if they coexist with Fh as intermediate alteration prod-
ucts. In any case, non-Fh phases detected with the analysis of IRM curves are negligible.
The main IRM component exhibits a magnetic behavior explainable with a fixed total
magnetic moment, whose distribution is given by the Langevin model described in sec-
tion 5.4.4. This does not exclude that this component consists of two or more phases
with a sufficiently strong magnetic coupling, such that the vector sum of their magnetic
moments does not change during isothermal magnetization measurements.

Additional proof for the above conclusion is provided through the analysis of the rela-
tions existing between blocking temperature, magnetic moment, and anisotropy field
distributions. In the case of single-domain particles with a fixed spin configuration,
these relations are established by the Néel-Arrhenius model (eq. 5.7). We start with
the normalized temperature dependence of the saturation remanent magnetization Mg
corresponding to the sum of the IRM components C1 and C2, which we attributed to
Fh (Fig. 5.16). The normalized saturation remanent magnetization Ms(7)/M;s(0) of
C1+2, coincides, by definition, with the integral of the blocking temperature distribution
fo(T) of the Fh cores. Assuming the anisotropy constant K to be the same for all ferritin
cores, one can expect from eq. (5.7) that V is proportional to Ty, so that a rescaled ver-
sion ¢ fy(c V) of the volume distribution f/(V) obtained from TEM statistics (Fig. 5.1)
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will match f,(T) for a certain value of the proportionality constant ¢ = V/Tj,. Indeed,
a good match with the IRM component C1 is obtained using ¢ ~ 20 nm?®/K (Fig. 5.16).
The match is less good if one considers C1+2, because of the wider composite blocking
temperature distribution. It is therefore possible that C1 and C2 represent two distinct
groups of ferritin cores with a narrower and a wider anisotropy distribution, respectively,
so that the narrow anisotropy distribution of C1 is well approximated by a mean K value.
In this case, K = ¢ 'kglnt/fy =~ 19 kJ/m? is obtained for C1 using 7o = 107! s [84] and
t = 5 s for the IRM measurement time. Comparable values have been reported in the
literature, e.g., K ~ 25 kJ/ m? for horse spleen ferritin [40], and K ~ 17 kJ/ m? for bacterial
ferrihydrite [70]. A slightly worse match is obtained when a similar rescaling procedure
is applied to the distribution of E}, derived from susceptibility measurements (Fig. 5.16).
In this case, the lack of contributions at temperatures smaller than 4 K reflects the shape
of the gamma distribution used to fit the measurements. The relatively well-constrained
value of the bulk anisotropy K suggests that most Fe ions are embedded in a crystalline
structure.

| IRM (Comp. 1+2)
| — IRM (Comp. 1)
. Susceptibility

— Volume

00—l —_—

Temperature (K)

Figure 5.16: Cumulative blocking temperature distributions reconstructed from IRM measure-
ments (Comp. 1 and Comp. 1+2), from low-field susceptibility measurements (Susceptibility),
and from Ep, = KV with K = 19 kJ/ m3 (Volume).

Our surface-spin model of ferritin (section 5.3.8) predicts that the distribution of In(m),
which we assumed to be Gaussian when fitting M (B) curves, is given by g, = gxpun * gy23,
where giun and gy2ss are the distributions of In(ksurens) and In V23, respectively, and
“x” is the convolution operator. Because x and pg. are fixed quantities, and the stan-
dard deviation o = 0.08 of In V2’3 is much smaller than o = 0.96 for In(m), the moment
distribution is controlled mainly by the degree of spin canting s = sin(eg), and thus, by
the surface anisotropy. The distribution g; of s obtained from the deconvolution of the
empirical moment and volume distributions (Appendix, Figure A5.39) is almost perfectly
Gaussian, owing to the fact that g;, used in the Langevin model was a normal distribu-
tion. About 96% of the distribution is comprised between 13 = 1% and ~50%, which is a
reasonable upper limit for the alignment of surface spins.

Finally, we compare the anisotropy-field distributions obtained from IRM acquisition
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curves and from the magnetic moment and volume distributions, respectively. In the
first case, we identify the distribution of B, with the IRM coercivity component C1+2, us-
ing the relation Bgy, = { B between B, and the switching field of single-domain particles
well below the blocking temperatures. In the case of randomly oriented particles with
uniaxial anisotropy [96], { = 0.524. In the second case, the distribution of In(B,) is given
by ga = g2k /i * yus * g1 (section 5.3.8). A good match between the two estimates is
obtained using B, = 1.8By,, (Fig. 5.17). The corresponding ¢ = 0.56 is slightly larger than
the value expected for randomly oriented uniaxial single-domain particles and might be
explained by a single-particle anisotropy with a small degree of non-uniaxiality.

—— from B,
from y

T T T TTTTmg T T TTTTT T T TTTTIY T T TTTTT T T TTTTT 1
10°2 107" 100 10" 102 103
B, (T)
Figure 5.17: Comparison between a direct estimate of the anisotropy field distribution obtained

from Bj = 1.8Bsw, with Bgw being the switching field distribution of the IRM Component 1+2 at 3
K, and a reconstruction based on the magnetic moment model explained in the text.

In summary, the modified Langevin model used to fit M(B) curves (section 5.4.4), the
lack of a spin-flop transition (section 5.3.6), the magnetic moment distribution (Sec-
tions 5.3.7 and 5.3.8), the coercivity distribution (section 5.4.5) and the compatibility
of volume, magnetic moment, blocking temperature, and anisotropy field distributions
with the Néel-Arrhenius model (section 5.3.8, Figure 5.17) point, altogether, to a model
for the spin structure of ferritin cores where the magnetic moment arises from surface-
spin canting, rather than randomly distributed defects in the AF sublattices. The ferritin
cores behave as single-domain particles with uniaxial magnetocrystalline anisotropy.
The wide distribution of m is explained by the variability of spin configurations devi-
ating from the two-sublattice AF model, rather than the volume distribution. Despite
the strong heterogeneity of magnetic configurations, all ferritin cores appear to share
a well-defined magnetic anisotropy constant K. This is consistent with a model where
spins are rigidly coupled and switching occurs by uniform rotation, so that most of the
work necessary to overcome the energy barrier originates from the intrinsic anisotropy
of the AF sublattices. Finally, the wide distribution of switching fields, from ~0.03 to >30
T, is also a direct consequence of this model, which predicts Bg, x m~! for AF particles
with a spontaneous moment m. In particular, m — 0 yields extremely large switching
fields, which are limited only by the sublattice exchange field Bg.
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The above model explains magnetometry measurements almost completely. As dis-
cussed in section 5.4.5 only ~4% of the total remanent magnetization is carried by phases
that cannot be associated with a Fh core composition. M(B) curves contain a paramag-
netic contribution that is carried by a small fraction (~6.5%, Table 5.2) of mononuclear
Fe3* atoms. This fraction of ~6.5% is obtained from the ratio au,,/n between the sat-
uration magnetization of these atoms and the Fh cores in eq. 5.13. The last magnetic
parameter that describes the ferritin cores is the non-paramagnetic susceptibility y that
contributes with a linear term yB to the M(B) curves. This term originates from the
field-induced spin canting of surface spins and of the inner spins with AF order. The es-
timate of y at 50 K obtained from M (B) curves fits with eq. 5.13 is ~1.4 times larger than
the value expected from the simple model of spin-canted AF nanoparticles discussed in
section 5.5.3 (Table 5.2). Measurements of horse-spleen ferritin up to 50 T show that the
slope of M(B) curves measured at 4.2 K continues to decrease up to ~35 T, before merg-
ing with the superantiferromagnetic trend [41]. It is therefore possible that the excess

Table 5.2: Magnetic properties of ferritin cores derived from magnetometry (M) and EPR (E) mea-
surements. (4 — spontaneous magnetic moment; o, — standard deviation of the distribution of
In(w); Ba — anisotropy field; 0 g — standard deviation of the distribution of In(Bg); B — coer-
cive field of hysteresis; Ey, — energy barrier; o g — standard deviation of the distribution of In(Ey,);
K uniaxial anisotropy constant; o ¢ — standard deviation of the distribution of In(K); Mp/ Mg, —
paramagnetic saturation magnetization, normalized by the saturation magnetization of the super-
paramagnetic contribution; Np/Npp — number of paramagnetic Fe atoms, normalized by num-
ber of superparamagnetic atoms of ferritin core; y/yc — non-paramagnetic susceptibility in M(B)
fits with eq. (5.13), normalized by the value expected from superparamagnetic particles with spin
canting moments (section 5.3.6).

a) Mean, Fig. 5.12¢, 0K

b) Langevin fit

c) Median of C1+2, 3K

From From d) C1+2,3K
Property magnetometry EPR e) Hysteresis
1 pn 3379 200, ~1000™  f) 7} of C142
ou 0.947 — g) Ty, of C142
B, (T) 1.99 0.1-0.3 Y h) eq. 5.7
OB 1449 — i) eq. 5.7
B. (T) 0.08 © — j)n/apm ineq. 5.13
Ey/kg 2279 — K n{m)/apmNyge ineq. 5.13
ok 0.6799 — 1) 50 K, Fig. 5.5b
K (kJ/m3) 19M — m) for n=10, 30, i.e., S = 100 and
ox 041779 — S = 300, respectively
Mp/ Mgy 2.390 n) E1 and E2, 20K
Np/ Ny 0.0645 0.0036 o) for § = 300;
¥/ xe ~1.4) _ for =100 Np/Ngp, =4-1074

From Appendix, section "Ferritin
core and mononuclear Fe(III) EPR
intensities"
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susceptibility in our fits of M(B) curves limited to a maximum field of 7 T is caused by the
linear approximation of a small residual curvature due to superparamagnetic contribu-
tions that saturate in much larger fields. These contributions might require a magnetic
moment distribution with a heavier left tail associated with much smaller Fh cores or
isolated core fragments, as suggested by the measured volume distribution (Fig. 5.1).

5.5.3. COMPARISON BETWEEN EPR AND MAGNETOMETRY

BLOCKING TEMPERATURE FROM EPR AND MAGNETOMETRY

According to the Results section (Fig. 5.7b), the maximum EPR blocking temperature,
Ty, ~100 K, is in agreement with values reported for horse-spleen ferritin [15, 45]. The
blocking temperature values obtained from magnetometry, e.g., from the ZFC suscep-
tibility maximum at ~10.5 K, are much lower than those obtained from EPR, owing to
the drastically different characteristic timescales fzrc ~ 100 s and fgpg ~ 0.1 ns. From the
Néel-Arrhenius law

o= Toepr _ In(izrc/70)

— — (5.16)
Ty,zrc  In(tepr/7T0)

the attempt time estimate 7 = (1% / fzrc) '@~V = 3.9 ps is obtained, in good agreement
with the range of values reported for ferritin [107] and other AF nanoparticles of similar
size [108].

MAGNETIC MOMENT AND ANISOTROPY FIELD FROM EPR AND MAGNETOMETRY

As discussed above, it is not possible to perform a full inversion of EPR spectra to resolve
the magnetic moment and anisotropy-field distributions needed for a quantitative com-
parison with magnetometry results. The amount of paramagnetic vs. ferrihydrite-like
phases by EPR is obtained from the ratio of the intensities of the g = 4.3 signal and the
broad EPR signal, resulting in 0.4% of mononuclear Fe(III) atoms (Table 5.2). The differ-
ence with respect to the magnetometry results (6.5 %) is dominated, from the EPR side,
by the uncertainty in the spin quantum number S of the ferritin core (see Appendix, sec-
tion "Ferritin core and mononuclear Fe(III) EPR intensities"). Also, only the mononu-
clear Fe(IIl) signal is taken into account, leading to a possible underestimation of the
paramagnetic contribution from EPR. From the magnetometry side, small clusters of
iron ions with a superparamagnetic contribution similar to the Brillouin function used
to model the paramagnetic phase might lead to an overestimation of the paramagnetic
contribution, whereas in EPR such clusters may escape detection due to broadening or
unfavorable relaxation properties. The existence of small iron clusters or incomplete fer-
ritin cores with a much smaller magnetic moment is supported by the < 4.5 nm tail of
the core size distribution obtained from TEM (Fig. 5.1). In view of the above mentioned
uncertainties in the determination of para- and superparamagnetic contributions, the
agreement between EPR and magnetometry can be considered satisfactory. Neverthe-
less, it is still possible to verify the compatibility of the two EPR components E1 and E2
with magnetometric parameters. For this purpose, we plot the estimated p and B, ranges
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obtained from both techniques (Fig. 5.18). As discussed in section 5.5.3, an inverse rela-
tionship of the form B, = 2E},/ m holds between the anisotropy fields and magnetic mo-
ments of individual ferritin cores. Because the distribution of Ej}, is much narrower than
those of B, and p, possible magnetic moment and anisotropy field combinations of indi-
vidual cores lie close to a line with slope —1 in the bilogarithmic plot of Fig. 5.18. On the
other hand, simulated EPR spectra sharing the same value of SD are characterized by al-
most identical shapes (Appendix, Fig. A5.26), owing to the scaling rules of Fittipaldi et al.
[2, 52]. Because SD = gupB, (eq. 5.9-5.10), EPR spectra with same B, are indistinguish-
able, which means that the magnetic moment is totally unconstrained. Accordingly, the
EPR components E1 and E2 define two horizontal lines in Fig. 5.18. If these components
are interpreted as the discrete representation of a broad distribution of EPR parameters,
the corresponding B, values (Table 5.1) can be interpreted as two discrete samples of a
broad anisotropy field distribution.
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Figure 5.18: Anisotropy field (Ba) vs. magnetic moment (1) from EPR (components E1 and E2 at
20 K) and from magnetometry. Shading around the magnetometry and EPR trends correspond
to the quartiles of Ty distribution (Fig. 5.16) and to the range of EPR parameters yielding sim-
ilar simulated spectra, respectively. The dot represents the averages of By and p obtained from
magnetometry. The distributions of u and B, obtained from magnetometry are plotted on the
corresponding axes.

The intersection between the constraints plotted in Fig. 5.18 gives a rough estimate of

the anisotropy fields and magnetic moments probed by EPR, which are centered around
B, = 0.2 T and p = 4000 ug, respectively. This combination of parameters is off by a factor
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~10 with respect to mean values obtained from magnetometry (B; = 2 T and y = 337 ug).
This discrepancy originates from the ~10 times smaller anisotropy fields of E1 and E2. A
possible explanation for this difference is discussed in the next section.

ORIGIN OF THE LOWER EPR ANISOTROPY FIELD

As discussed in section 5.5.3, B, estimates obtained from EPR spectra are about one or-
der of magnitude smaller than the median B, obtained from IRM acquisition curves,
meaning that the two measurements probe distinct processes related to particle aniso-
tropy. In the case of IRM acquisition curves, B, is probed through the switching field
Bsyw, defined as the field required to reverse the remanent magnetic moment of a single-
domain particle. In the case of a sufficiently rigid coupling between spins, particles with
uniaxial anisotropy possess only two antiparallel magnetic states, and By, is the field
in which a transition occurs between these two states. Coherent rotation [81], fanning
[109], and curling [110], are just some examples of such two-state models of single-
domain particles. The type of reversal mechanism determines the dependence of Bgy
on the angle between anisotropy axis and applied field, and thus the relation between
the bulk Bg,, of IRM acquisition curves and By, e.g. Bgy = 0.524B, in case of coherent
rotation. Regardless of the reversal mechanism, transitions between the two magnetic
states in IRM and EPR measurements are governed by the same equation for the particle
energy: E = —B,u(e-n)?/2— Bu(z-n), where e and n are the unit vectors parallel to the
easy axis and the magnetic moment respectively, and the applied field is parallel to z.
Accordingly, the same B; is sensed by the two methods.

Surface anisotropy complicates the description of the particle magnetization by intro-
ducing intermediate magnetic states along the path that produces a field-induced re-
versal of the bulk magnetic moment [111]. In practice, the switching process begins by
reversing discrete groups of surface spins in increasingly large fields, until the reversal
of the internal core spins completes the process. As a result, single-particle hysteresis
contains several discrete magnetization jumps corresponding to partial reversals [111],
instead of the single jump at By, of two-state particles. The way multistep magnetic mo-
ment reversals are recorded depends on the measurement protocol. In the case of IRM
acquisition curves, partial reversals of surface spins will not be recorded, because the
strong exchange coupling with the internal core spins recovers the initial spontaneous
moment as soon as the field is removed. Accordingly, switching occurs only in a field
that is sufficiently strong to reverse the internal core spins. As shown in section 5.5.2,
this field is given by B, = 2KV /m, where K is the anisotropy constant of the AF-coupled
core spins. On the other hand, the entire sequence of partial reversals is recorded by
the hysteresis loop (Fig. 5.10). As a result, the coercive field of hysteresis, B, = 0.1 T, is
~10 times smaller than the median switching field By, = 1 T obtained from IRM curves.
For comparison, randomly oriented Stoner-Wohlfarth particles [112] are characterized
by By,2/B. = 1.2. Like hysteresis, EPR spectra are expected to record all transitions be-
tween magnetic states, and therefore also partial reversals occurring at lower fields. The
apparent anisotropy field of EPR spectra is therefore more similar to the coercive field
of hysteresis than the field required for a complete reversal. This explains why a direct
comparison of EPR and magnetometry data, as in Fig. 5.18, does not work.

110



5.5. DISCUSSION 111

The existence of multiple magnetic states for the ferritin cores questions the applicability
of the Langevin model for fitting M (B) curves, since particles in the superparamagnetic
state can undergo thermally activated transitions between any pair of states. Interme-
diate states with partially reversed surface spins have higher energies than the ground
states, and the whole sequence of reversal steps is represented by a path in a multidi-
mensional energy landscape, which connects a series of local minima distributed along
a “valley” running from a ground state to its opposite [113]. The presence of local min-
ima along this valley raises the probability of finding particles with these discrete inter-
mediate states, compared to the continuous transition between ground states of parti-
cles with no intermediate states. Close to the blocking temperature, the probability of
magnetic configurations different from ground states is negligibly small, and intermedi-
ate states do not play any role. At higher temperatures, the existence of multiple states
with different energy levels has a similar effect as multiaxial anisotropy, and deviations
from the Langevin law can be expected to be smaller than those produced by uniaxial
anisotropy (section 5.3.6), owing to the smaller switching fields associated with transi-
tions between intermediate states. Because the effect of uniaxial anisotropy is small in
the temperature range of our M(B) measurements (Fig. 5.4), the Langevin model is ex-
pected to be a good representation of the equilibrium magnetization even in the case
of particles whose magnetic moment is not reversed in a single step. Consequently, the
Langevin model, as applied in the present context is a good approximation for the mag-
netic properties of ferritin.
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5.6. CONCLUSIONS

In this work, we have probed the magnetic response of a sample of human-liver ferritin
with a broad set of available experimental techniques and at different excitation frequen-
cies, sparsely covering the DC-to-9 GHz interval. While magnetic analyses of ferritin are
not new, our synergetic comparison of magnetometry and electron paramagnetic reso-
nance offers, for the first time, an in-depth description of ferritin’s spin behavior. Our
methods reconcile recurring discrepancies on the origin of the magnetic moment in fer-
ritin on the one hand, while offering a quantitative approach to the challenging deter-
mination of spin Hamiltonian components emerging from EPR data fitting on the other
hand, over a temperature range extending close to the DC-blocking temperature.

With regard to EPR data, the broad and seemingly featureless nature of the spectra can
be well captured by at least two components, with S and D parameters returning an
anisotropy field in the 0.1-0.6 T range, and an S parameter above 50. These two compo-
nents most likely represent a broad distribution of magnetic properties. While the mag-
netic moment can only indirectly be derived from the EPR data, the technique identifies
also paramagnetic contributions, providing information complementary to magnetom-

etry.

Moreover, a more complete understanding of the magnetometry data of ferritin, which
has been the subject of extensive debate, can be achieved with IRM acquisition data.
IRM acquisition curves reveal (i) the mineral composition of the protein core, which
complements the information from other methods, such as energy-resolved electron
microscopy; (ii) the blocking temperature distribution, in reasonable agreement with
the particle volume distribution and the assumption of a single anisotropy constant; and
(iii) the existence of a negative exchange field between the dominant antiferromagnetic
phase and a minor ferrimagnetic phase within the same core. This exchange interaction
prevents the magnetic moments of the two phases to display independent superparam-
agnetic behaviors.

From a new theoretical description of the induced magnetization data, we conclude that
the magnetic moment of ferritin is controlled mainly by spin canting caused by surface
anisotropy. The wide distribution of magnetic moments can be explained by the strong
heterogeneity of surface-spin configurations, to which the EPR spectrum seems to be
particularly sensitive. Because of the inverse proportionality relation between magnetic
moment and anisotropy field imposed by the Néel-Arrhenius law, the coercivity of fer-
ritin is also represented by a broad distribution.
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5.7. APPENDIX
5.7.1. TEM DESCRIPTION

(@)

Figure A5.19: Transmission electron microscopy (TEM) characterization of human-liver ferritin.
(a) TEM image of human-liver ferritin cores. (b) Stained-SEM image of human-liver ferritin parti-
cles allowing the protein shell visualization.

5.7.2. FERRITIN PURITY ASSESSMENT

NativeMark Unstained Protein Standard (Cat. No. LC0725) was obtained from Life Tech-
nologies Corporation. The purity and the homogeneity of the protein were assessed by
a 7.5% non-denaturing polyacrylamide gel electrophoresis. Gel electrophoresis was run
at 4°C and 90 V until samples reached the running gel, then the voltage was increased
to 160 V for 3 hours. After electrophoresis, Coomassie blue staining was used to stain
proteins. For iron staining, the gel was immersed in Prussian blue staining solution,
which was freshly prepared by mixing 2% K4Fe(CN)s and 2% HCI (1g Potassium ferro-
cyanide + 47,3 ml H,O + 2,7 ml HC) for 1h at RT, then 1h in water, changing water every
15-20 min. Finally, the gel was incubated in a solution containing 0.025% DAB (3,3’-
Diaminobenzidine-Sigma) and 0.05% H>0, in 1X TBS [12,5mg DAB resuspended in 500
pl DMSO, added to 50 ml TBS 1x, 75-180 ul H,O, added just before incubation] for 15-30
minutes at RT to enhance the signal.
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(a) Size distribution by intensity Distribution results
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Figure A5.20: Purity assessment of human-liver ferritin. (a,b) Dynamic light scattering showing
the particle size distribution: one main Gaussian peak with y=12.2 nm and 0=4.9 nm. (c) Non-
denaturing polyacrylamide gel electrophoresis of human-liver ferritin stained with Coomassie.
The strong band of 500 kDa agrees with ferritin monomers (24-mer protein) while the weaker
bands of 1.048 and 1.236 kDa correspond to ferritin multimers (dimers/trimers) or aggregates of
ferritin protein. Markers refers to NativeMark Unstained Protein Standard (Cat. No. LC0725).
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5.7.3. EPR BASELINE CORRECTION

The baseline correction of the spectra was performed by a home-made script imple-
mented in Matlab 2019a, which automatically looks for a linear transformation (Fig.
A5.21a), such that the slope of the baseline correction is the optimal value by which the
high magnetic field values of the second integral of the spectra reach a plateau-like re-
gion (Fig. A5.21c), which is equivalent to having a zero first integral value at the highest
field values (Fig. A5.21b).
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Figure A5.21: Automatic baseline correction algorithm. (a) The experimental spectrum (in blue),
the optimal line (red dotted line), and the transformed spectrum (yellow curve). (b) The first inte-
gral of the baseline-corrected spectrum. Its high field values reach zero. (c) The second integral of
the baseline-corrected spectrum. The high field values reach a plateau-like region.
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5.7.4. EPR SIMULATION WITH ONE COMPONENT

Figure A5.22 shows an example of one of the best fits obtained by considering a simula-
tion with only one EPR component. It shows the discrepancy between the data and the
model, indicating the need of two or more EPR components.

15 T T T T

EPR signal [a.u.]

-1.5 : :
200 400 600 800

B, [mT]
Figure A5.22: Simulation (light-blue line) of EPR spectrum (black line) with single component only

(80 K). The simulation is performed with one spin component of § =15, g =2.01, D = —335 MHz,
and Hggrain = 6500 MHz.
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5.7.5. EPR SIMULATIONS, FROM 20 KTO 210 K
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Figure A5.23: Simulations (red dotted lines) of EPR spectra (black lines) for all data recorded be-
tween 20 and 210 K. The simulations are performed with two spin systems, as described in the
main text. The system parameters are shown in Table A5.3.
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5.7.6. EPR SIMULATIONS OF INDIVIDUAL COMPONENTS

0.06 0.03
—~ 0.04 ~ 0.02f
3 3
S 002 S o.01f
[ [
2 0 2 0
(2] (2]
o -0.02p 14
o 0.02 o -0.01f
i i
-0.04f
-0.02f
-0.061
-0.03
0.015 0.01
0.01 130K
- ~0.005}
3 3
© 0.005 S
© ©
0
5 5
[} [}
¥ -0.005 o
& £-0.005¢
-0.01
-0.015 -0.01 L . .
200 400 600 800 200 400 600 800
Magnetic field (mT) Magnetic field (mT)

Figure A5.24: Total EPR simulations (red lines) performed at 30 K, 80 K, 130 K, and 190 K. The
simulations are performed with two spin systems, as described in the main text. The first system
component is depicted in green. The second component is shown in blue.
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5.7.7. EPR SIMULATIONS PARAMETERS

Table A5.3: System parameters used for simulations of the EPR spectra. Simulation parameters:
S =10, D: axial zero-field splitting, Hgtrain: Gaussian broadening parameter. The parameters at
30K, 80K, 130K, and 190 K were determined first.

Component 1 Component 2

T(K) D MHz) Hggain MHz) Weight (%) D (MHz)  Hgain (MHz)  Weight (%)
20 180 6000 7.7 450 11000 92.3
30 170 6000 9.1 400 10500 90.9
40 155 5500 9.5 370 10500 90.5
50 155 4600 10.0 370 10400 90.0
60 175 4500 10.5 300 11000 89.5
80 150 3900 11.1 370 8900 88.9
100 150 3900 15.4 370 8700 84.6
130 150 3900 222 350 8500 77.8
160 130 3900 24.4 350 8500 75.6
190 100 3600 26.3 250 8500 73.7
210 100 3500 26.3 250 8300 73.7

The simulation parameters used for all experimental spectra are shown in Table A5.3.
The total spin for component 1 (E1) and component 2 (E2) is 10. Figure A5.25 shows the
system-parameters temperature dependence for E1 and E2. A gentle slope is observed
for the D values of both components, with a total decrease of 44% for both of them (Fig.
A5.25a) as temperature increases. While the weight of E1 increases with the increase
of the temperature, the weight of E2 decreases, although it remains preponderant over
all the temperature range (see Fig. A5.25b). While decreasing the temperature, a gentle
slope is observed for the Hgrain (Gaussian broadening) of E1 and E2. However, around
50 K a sudden jump is observed in both cases.

The relative weight of E2 with respect to E1 decreases with temperature, from ~93% at 20
Kto ~75% at 210 K (Fig. A5.25a). Finally, both components display similar temperature
dependencies on D and Hgain (Fig. A5.25). The real temperature dependencies of E1
and E2 depend on the scaling factor given by the ratio between the unknown S;.,;, and
S =10 used for the model. For instance, Srea = 100 yields 7 = 10, according to the scaling
laws of eq. 5.11.
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Figure A5.25: Simulation parameters as a function of temperature, for component 1 (green dots)
and component 2 (blue dots). (a) D values. (b) Weights. (c) Broadening (Hgrain). The parameters
are given in Table A5.3.

5.7.8. EPR SIMULATIONS WITH DIFFERENT SCALING FACTORS
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Figure A5.26: Simulations (colored lines) of EPR spectra (black lines) recorded at 20 K, 30 K, 80
K, and 130 K. The simulations are performed with two spin systems using different scaling factors
(n). The remaining parameters are shown in Table A5.3. For the entire temperature range, the
line shape presents negligible changes, confirming the scaling method as a suitable candidate to
reproduce and study the EPR line shape of high-spin systems.
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5.7.9. EPR S-D INVERSE COMPENSATION

80 K, total simuls, NOT normalized
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Figure A5.27: Simulations of EPR spectra performed at 80 K. The original simulation is shown in
red. The simulations indicated by the green and yellow curves were obtained by considering both
components with equal D.

The parameters S and D are inversely related. That means, an increase (decrease) of S
of one of the components followed by a decrease (increase) of D of the same compo-
nent by the same amount, results in a simulation with the same lineshape as the original
simulation. It’s important to mention that a correction in the weight of the component
needs to be applied to preserve the same simulation amplitude. The correcting factor
for components 1 (nl1) and component 2 (n2) is defined by

Slorig - (Slorig+1)  10-11
a1 = 2rorig orig — =5.5, (5.17)
Slpew  (Slpew +1) 4-5

9z Szorig . (Szorig +1) _ 10-11

n2 = = =0.1692, (5.18)
S2new  (S2pew+1)  25-26

where SXorig refers to the S used in the original simulations and S Xpew to the change in
S that is being applied and will result in the opposite change in D, by the same factor.
X = 1,2 refers to EPR components 1 and 2, respectively.
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5.7.10. SENSITIVITY OF EPR PARAMETERS

80K
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Figure A5.28: Simulations (colored lines) of EPR spectra (black lines) at 80 K performed by varying

D2. An example of what is considered to be an acceptable simulation is depicted in red. Examples
of rejected simulations are shown in light blue and yellow.
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5.7.11. FERRITIN CORE AND MONONUCLEAR FE(III) EPR INTENSITIES
Mononuclear Fe(II) gives a characteristic EPR signal, with a sharp resonance at g’ =4.3,
the so-called g’ =4.3 signal. This signal is also observed in the ferritin EPR spectra and
the temperature dependence of its intensity is that of a paramagnetic species. Here we
compare the amount of these species with respect to the ferritin core signal, the broad
g' = 2 signal. The EPR active spin concentration ratio of Fe(III) (g’ =4.3) and the ferritin
core spin system can be determined from[114]

[Fem] _ AFem RFem (ScanFem)ZGcore - (Bm)core * (gcore)ZScore (Score +1)
[core]  AcoreRcore " (scancore)ZGFem - (Bm)Fep, * (gpem)2 : SFern (SFem +1) ’

(5.19)

where g is the g tensor, S electron spin number of each species and A is the enclosed area
(second integral) that is calculated from the blue (mononuclear Fe(IIl)) and red (for the
core) curves shown in Fig. A5.29. 'Scan’ is the sweep range, G is the relative gain of the
signal amplifier, By, is the modulation amplitude, R is a factor related to the hyperfine
interactions, but for both, Fey, and core, the hyperfine interactions are neglected. Scan,
G, By, and R are the same for both Fep, and core, so they cancel out. Thus, equation 6.1
becomes

[Fem] — AFem ° (gcore)2 ° Score(score + 1)
[core]  Acore* (gFem)2 - SFep, (SFey, +1) '

(5.20)
and follows

[Fem] _ 4135-(2.01539)% - Score (Score + 1)

=7.56-10"" Score (Score + 1), 5.21
[core] 6463828 (1.9825)2-3(3 +1) core(Score * 1 -2

this expression is solely dependent on the total spin of the ferritin core signal. As an
example, this ratio is 0.8 and 6.8 if the spin number S of the core is 100 and 300, respec-
tively.

In order to compare the calculated EPR active spin concentration ratio [[Esg]] to the num-
ber of paramagnetic Fe atoms, normalized by the number of superparamagnetic atoms,
obtained by magnetometry (N, / N, ) we need to multiply [core] with the number of iron
atoms contributing to the ferrihydrite-like ferritin-core-EPR signal (Ng,). The amount of
iron determined by ICP-MS (Nicp) includes both mononuclear (Nre,,) and ferritin-like
iron ions (Ng,). However, the number of mononuclear Fe-ions that contribute to their
EPR signal is small (2" integral: 4575) compared to the ones contributing to the ferritin
EPR signal (6778579). Therefore, we approximate the value obtained by ICP-MS to the
number of iron atoms that contribute to the ferritin EPR signal, i.e., Ny, = 1967+78.

The error of c[)f:]m]]\,ﬂ] was calculated using the following error propagation expression
A(F) AWML AML) AWM
S(F) = (F) - (M) (M) ( 3)’ (5.22)
|F | M| | Ma| | Ms|
[Fem]

where F is corel- Ng.* M, is the second integral of the ferritin-core EPR signal, M, is the
second integral of the mononuclear Fe EPR signal, M3 is the number of iron atoms in
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Figure A5.29: Simulations (colored lines) of EPR spectra (black line) at 40 K. In red, the simu-
lation of the broad signal. In blue, the simulation of the rhombic mononuclear Fe(IIl) ion sig-
nal located at g'=4.3, using S = 2.5, D = 20.96 GHz, E = 6.97 GHz, g = [1.9852,2.0139,1.9484],
Zstrain = [0.1328,0.0242,0.5009] . In green, the superposition of both simulations.

the ferritin core Ny,. The errors of M; and M, were estimated by considering mainly the
associated error of the simulations, using the Montecarlo error propagation with a small
sampling number. Thus, § M; is 310 and 6 M> is 41. Finally, the error of M3 is 78.

Table A5.4 shows the % estimated for both Score 0f 100 and 300. The largest num-

ber (3.6-1073) is obtained when considering Score = 300. This value is one order of mag-
nitude smaller than the fraction N,/ Npy, found by magnetometry (0.0645). The relative

errors in Table A5.4 round up to 10%. The difference in % for the two different

S of a factor of 10 suggests that the uncertainty of % is the dominating source of
“INfh
uncertainty and could be in the range of an order of magnitude.

Table A5.4: EPR active spin concentration ratio per ferritin particle %

Score % Abs. error  Rel. error (%)
100 4-107% 2.107° 5
300 3.6-103 2.107* 6

Table A5.5: Data used in the error propagation calculation of %

| Ml (a.u) M2 (au) M3 (iron ions)
Abs. value | 6463828 4135 1967
A 310 41 78
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5.7.12. EPR MODEL SIMULATIONS

In this section, some examples of the large set of spectra that constitute the EPR Model
Simulations (80 K), are provided. The Model Simulations are used to constrain certain
EPR parameters based on the trends seen. Figure A5.30 shows simulations of one EPR
component with § = 10 by varying the D parameter from 100 to 5000 MHz and consider-
ing two different Gaussian broadening parameters (3000 and 8000 MHz). For the small-
est broadening, D values larger than 500 MHz can not be used to account for the features
observed in our experimental spectrum, this is shown in Fig. A5.30a where a sharp fea-
ture at low field is visible for the green curve (1000 MHz) and in Fig. A5.30c where the
spectra become distorted. For the largest broadening, D cannot be greater than 1000
MHz (see Fig. A5.30d) since the spectrum starts to get progressively sharp at the lowest
fields and flat at higher fields. In this way, to simulate the experimental spectrum mea-
sured at 80 K, figures A5.30a,b are used as starting points to inspect all parameters for D,
Hgirain and weights considering these two base components

H strain= 3000 MHz H strain= 8000 MHz
F D=100 MHz
’5 D=500 MHz ’5
\cg'/ 3 D=1000 MHz 5;‘/
© ©
c C
2 k=]
2] 7}
o o
s o
L L

(a) (b)

D=2000 MHz
S D=5000 MHz 5
s 8
© | ©
c c
2 2
< 2 " — - ——— 2
x \/\/\/ v x
o o
w w J
(c) (d)
260 460 660 860 200 400 600 800
Magnetic field (mT) Magnetic field (mT)

Figure A5.30: Model simulations (colored lines) performed at 80 K. The simulation parameters
are S = 10, (a,¢) Hgtrain = 3000 MHz and (b,d) Hgtrain = 8000 MHz. In blue, D = 100 MHz. In red,
D =500 MHz. In green, D = 1000 MHz. In purple, D = 2000 MHz. In yellow, D = 5000 MHz.
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5.7.13. EPR ALTERNATIVE FITTING APPROACH

Following a different approach, a systematical fit of the spectra recorded at different
temperatures was performed. First, We determined the S, D, and weight values of each
component by fitting the EPR spectra recorded at 80 K (close to the middle-temperature
range). The fitting was performed with a Matlab (R2019a) script, using the EasySpin
package (5.2.4), using the scaling approach described in the main text.

The optimized scaled S and D values found for both EPR components, g and their re-
spective weights are given in Table A5.6. Then, to fit the spectra from 20 to 190 K we
used the scaled S, D, and weight of each component determined at 80 K and only the
Gaussian broadening given by an Hyain parameter was used as the fitting parameter for
both components (see Fig. A5.33). The spectra between 5 and 15 K were omitted from
the analysis because it was not possible to accurately discriminate the broad signal from
the background noise.

The two individual components are shown in figure A5.32 at 20 K, 80 K, and 190 K. Com-
ponent 2 (blue curve) is narrower and highly contributes to the total intensity of the
spectra. Comparing the lineshape evolution at the different temperatures, it can be no-
ticed that component 2 (green curve) is responsible for the overall lineshape change.
Whereas, component 1, being quite broad and lower in intensity, appears almost tem-
perature independent. This is a sign of a poor fitting result since component 1 can be
hiding many features. D parameter does not change the simulation shape. The Hirain
changes the lineshape, but in an unsystematic way. In spite of the good agreement of
simulations with the experiment, simulation parameters do not give physical insight.
Therefore, a different approach was used (see main text).

EPR simulations (20 K- 190 K)

1

10|

EPR signal (a.u)

EPR signal (a.u.)

100K 130K oL 18K 4 20} 190K

50 250 450 650 850 50 250 450 650 850 50 250 450 650 850 50 250 450 650 850 50 250 450 650 850
Magnetic field (mT) Magnetic field (mT) Magnetic field (mT) Magnetic field (mT) Magnetic field (mT)

Figure A5.31: Simulations (red dash lines) of EPR spectra (black lines) for all data recorded be-
tween 20 and 190 K. The simulations are performed with two spin systems, as described above.
The system parameters are shown in Table A5.6. The scaled Hgaip, 0f both systems (fitting param-
eters) are depicted in figure A5.33.
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Figure A5.32: Total simulations (red lines) of EPR spectra (black lines) performed at 20 K, 80 K, and
190 K. The simulations are performed with two spin systems, as described above. The first system
component is depicted in green. The second component is shown in blue.

Table A5.6: System parameters used for simulations of the EPR spectra. S is the Spin number
and D the Zero-field axial component. The scaling factor is n = 14.6. The real parameters can be
derived as follows: Dyeq) = D/ 1, Speq1 = S+ 1.

S g D (MHz) weight (%)
System1 20 2.01 -167.2 36
System2 7 2.01 -489.5 64

5.7.14. EQUILIBRIUM MAGNETIZATION MODELS

The evaluation of 5.4 requires numerical integration. Standard numerical integration
routines require excessive computation time to evaluate the five-fold integral, while Mo-
nte Carlo integration does not work well, due to the different evaluation points at the
numerator and denominator. Therefore, integrals have been replaced with sums over
discrete states for a finite number of particles, that is

Z Sin(Pg:l £ A= w=kéy 0=n

$=]0¢ DOED DD DD i

e=ide A=16A w=kdy 0=nd0
Z sin¢
$=jo¢
where ¢ =0A = 06w =50 = /2N are exact dividers of 7/2 and d ¢ an exact divider of the
maximum canting angle £y,x. The maximum canting angle is defined as the mean root
square of € weighted by e £/%87 and avoids the evaluation of strongly canted states with
negligible occurrence. As e increases with the applied field, emay is evaluated iteratively
starting for a series of field values starting from emnax = 7B/2Bg. The number N + 1 of
samples in each dimension is chosen to be the largest possible for given memory and
time constraints. The numerical procedure has been implemented in Wolfram Mathe-
matica and compiled in C using the built-in compiler. A PC with 64 GB RAM supports

(5.23)

M(B) =
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Figure A5.33: Broadening fitting parameters (Hgrain) as a function of temperature, for component
1 (green dots) and component 2 (blue dots).

calculations up to N = 27 for a total of 10° combinations of particle orientations and
magnetic states, for an angular resolution of ~3.3° in ¢, A, 1y, and 6.
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Figure A5.34: (a) Initial magnetization curves measured at tempera-
tures comprised between 3 K (blue circles) and 200 K (yellow circles),
and global fit to the modified Langevin model with one superpara-
magnetic component without moment distribution. (b) Fit residuals
as a function of the predicted magnetization.
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Figure A5.35: Real u’ and Imaginary y” parts of the magnetic moment of the human-liver ferritin

(raw data). The legend refers to the frequency of the oscillating B; field.
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Figure A5.36: Full hysteresis acquired at 5 Kand 25 Kboth in ZFC and FC conditions, to determine
the exchange bias of human-liver ferritin.
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Figure A5.37: Measured isothermal magnetization curves (dots) and corresponding best fits with a
two-component Langevin law obtained from eq. (5.13) after replacing the magnetic moment dis-
tribution with two single-valued moments (lines), at temperatures indicated by numbers. Resid-
uals, defined as the difference between measurements and model, normalized by the measured
magnetization at 7 T, are plotted below.
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Figure A5.38: Comparison between a direct estimate of the energy barrier distribution, obtained
from the blocking temperature distribution of the IRM Component 1, and the energy barrier distri-
bution expected from E}, = mB,/2 with the incorrect assumption that m and B, are independent
variables.
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Figure A5.39: Reconstructed distribution of n; obtained from the deconvolution of the magnetic
moment and volume distributions (solid line), and best-fit normal distribution Nlogns, —1,0.392).
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LIST OF SYMBOLS AND ACRONYMS

By
Bgx
B,
Besf
Bex
Bsf
D

GPP
Hstrain

J
K
Ks
Ky
My
MT
M
Na
Ns
S
T
Ty
%4

HB
Es

Applied magnetic field. Also B.
Resonance field in EPR spectra.
Exchange field.

Anisotropy field.

Equilibrium spin-flop field.
Exchange coupling field.
Spin-flop field.

Zero-field splitting.

Anisotropy energy.

Amplitude peak to peak of field modulation.
Gaussian broadening.

Exchange constant.

Anisotropy constant.

Surface anisotropy.

Uniaxial volume anisotropy.
Sublattice magnetization.
Remanent magnetization.
Saturation magnetization.
Avogadro constant.

Surface spins.

Total spin of the particle.
Temperature.

Blocking temperature.

Particle volume.

Bulk perpendicular susceptibility.
low-field susceptibility.

Traceless zero-field splitting tensor.
Electron spin operator.

Landé g-factor tensor.

(1) Magnetic moment in EPR. (2) Mean value of distributions.
Bohr magneton.
Zero-field-canting angle.
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136 LIST OF SYMBOLS AND ACRONYMS

c Concentration of defects.

g Effective g.

kg Boltzmann constant.

m Magnetic moment in magnetometry.
me Canting moment.

My Uncompensated moment in magnetometry.
AF Antiferromagnetic.

E1 EPR simulation component 1.

E2 EPR simulation component 2.

EELS Electron Energy-Loss Spectroscopy.
EMR Electron magnetic resonance.

EPR Electron paramagnetic resonance.
FC Field-cooled.

Fh Ferrihydrite.

HuLiFt  Human-liver ferritin.
ICP-MS Inductively coupled plasma mass spectrometry.

IRM Isothermal remanent magnetization.
MRI Magnetic resonance imaging.
NMR Nuclear magnetic resonance.

SAXS Small-Angle X-ray Scattering.

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
SNR Signal-to-noise ratio.

TEM Transmission electron microscopy.

XANES  X-ray adsorption near edge spectroscopy.

ZFC Zero-Field-cooled.
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