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S1 Macro- and Microscopic XAS and XMCD Spectroscopy
Comparison

Figure S1 displays the comparison of the Fe Ls-edge XAS and XMCD spectra measured in
transmission geometry on a macroscopic sample composed of a collection of randomly dis-
tributed cells with that obtained by STXM on a selected magnetosome chain. A movie showing
the image sequence of the nonmagnetic x-ray absorption signal on the chain (XAS, computed
as (ot + 07)) recorded as a function of the photon energy, F, between 709 and 713 eV can be

found in the Supporting Material. The maximum XMCD signal is obtained at 709.3 eV.
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Figure S1: (a) Schematic representation of the collection of randomly distributed M. blakemorei
cells ("macro") measured at ALICE station, beamline PM3 at HZB and (b) Space-resolved
STXM-XAS image of an intracellular magnetosome chain collected at the Fe L3-edge reso-
nance energy (709.3 eV) acquired at MAXYMUS microscope, beamline UE46 at HZB. (c) Fe
L3-edge transmission x-ray absorption spectra macroscopically obtained (<, ) and on the se-
lected intracellular magnetosome chain obtained by STXM-XMCD (0g7xy,)- Spectra have been
normalized by the maximum peak intensity at the L3-edge of the nonmagnetic contribution of
the x-ray absorption (XAS = o + ¢7). Computing 0~ — o gives the XMCD signal (d). The
dotted line in (d) marks the energy at which the STXM images were recorded (£ = 709.3 eV).



S2 Axi-Asymmetric Magnetic Field

Figure 2 within the main text displays the experimental magnetic field components, 1o, and
1o H,, and their dependence with the main component of the applied field, yoH,. Experimental
points have been fitted considering one or two ellipses, for 1o, and poH, respectively. The

analytical expresions of the fits are:
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where jioH, , . are in mT.



S3 Calculation of the Shape Magnetic Anisotropy Using Fi-
nite Elements Method

In order to accurately evaluate the observed magnetic behavior of magnetosomes in Magne-
tovibrio blakemorei MV-1 we have calculated the shape magnetic anisotropy associated to
that morphology using Finite Elements Method (FEM).> A quantitative analysis of the mag-
netic shape anisotropy of an object involves the calculation of the magnetostatic energy density,
Epnagn, of the given shape:

1 - -
Emagn = f—éﬂoHd - MdV (3)

where H, is the demagnetizing field, and M represents the magnetization vector. The integral
extends to the whole volume of the object.

In single magnetic domain bodies, as in the case of magnetosomes, the magnetization M
can be taken as uniform in the whole particle with the presence of free magnetic poles limited
to its surface. Thus, within the particle, M can be kept constant along an arbitrary direction
given by the unit vector i,

M = M -y, 4)

where M is set to the saturation magnetization of bulk magnetite (480 kA m™!).
The magnetic poles distribution depends on the direction of the magnetization. The unit

vector takes therefore the usual form in spherical coordinates.
{iy, = sin 6 cos @i + sin @sin @ + cos cpl% (5)

Thus, the magnetostatic energy density given by equation 3 is angle-dependent, enclosing
the desired shape anisotropy.
The 3D-shape of the magnetosomes is modeled by considering a truncated hexa-octahedron

extruded along the [111] direction with an elongation degree (Width (W)/Length(L)) of approx-



imately 0.72 according to the bibliography® surrounded by air domain. To choose the desirable
bounding conditions we imposed magnetic insulation at the ends of the air domain.’

On the other hand, the demagnetizing field H, produced by the magnetization is calculated
at all points inside the body using FEM. It is derived from the magnetostatic equations for a

body with no currents:

—

B=VxA
= (6)
V x H=
being A the magnetic vector potential.
Together with the constitutive relationship:
B = po(H + M) (7)

we can calculate for our particular geometry both B and H fields for a single magnetization
direction, evaluating the total magnetostatic energy density of the particle (equation 3).

This repetition is done in steps of 1°, from 0 to 180° for polar angle #, and from 0 to 360°
for azimuthal angle \.}
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Figure S2: (a) Schematic representation of truncated hexa-octahedron, crystal habit of magne-
tosomes synthesized by M. blakemorei. (b) Shape anisotropy energy landscape of the truncated
hexa-octahedral magnetosome system calculated by FEM method considering W/ L = 0.72.

Following this procedure, we obtain the energy density landscape presented in Figure S2a.

From the analysis of this landscape, we determine the easy axes, locating the energy minima,
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and the anisotropy constants, from the energy barrier between the minima and maxima, and
hence, the shape anisotropy of the magnetic nanoparticles. In the case of the truncated hexa-
octahedron morphology there is only an absolute energy minimum located at the extruded [111]
direction (Figure S2a) with a calculated uniaxial anisotropy constant of Kape = 22 kJ/m? for

W/L = 0.72.



S4 Influence of the Cubic Magnetocrystalline Anisotropy of
Magnetite in the Energy of the System

Figure S3 shows the zero-field anisotropy energy density landscapes considering two terms:
the cubic magnetocrystalline anisotropy of magnetite with K,,. = —11 kJ/m? plus a uniaxial
contribution along the long axis of the particle (a (111) crystallographic easy axis of magnetite)

with an anisotropy constant K,:

sin® 0 sin? 2 + sin? 26 R R
Eanis(0,0) = Enne(0,0) + Bu(0,0) = Koo ’ + KL~ (11 - )]

4
(8)

K, = 12 ki/m? K, = 16 ki/m3 K, = 20 ki/m3 K, = 24 ki/m?
Kme = —11K/m3  Kpe = —11kI/m?  Kpe = —11kI/m3  Kpe = —11 ki/m3

Figure S3: Zero-field energy landscapes of a truncated hexa-octahedral magnetosome as those
of MV-1. The anisotropy energy comprises two terms: the cubic magnetocrystalline anisotropy
of magnetite, with K,,. = —11 kJ/m?® plus an effective uniaxial anisotropy term along the elon-
gated crystallographic [111] axis that accounts for the shape anisotropy and dipolar interactions,
characterized by an anisotropy constant /,,. The top and bottom rows are the same landscapes
viewed from two different perspectives.

The uniaxial contribution accounts for the shape anisotropy and dipolar interactions be-

7



tween nearest neighbours. To highlight the effect of the cubic magnetocrystalline contribution
on the total anisotropy energy, we have considered the range of values obtained from the simu-
lations for the uniaxial effective anisotropy constant, from K, = 12 kJ/m3 to K,, = 24 kJ/m?.
Note that, according to the FEM simulations (see section S3), for an average truncated hexa-
octahedral magnetosome with a width-to-length ratio W/L = 0.72, Kgpape = 22 kJ/m?, thus
the shape anisotropy is the main contribution to the uniaxial term against the dipolar interac-
tions, as expected. In Figure S3 we have also included for comparison the energy surface of a
particle with a pure uniaxial anisotropy along the [111] axis with no cubic magnetocrystalline
contribution (K, = 0), which yields a perfect toroid.

Figure S3 shows that even for the smallest value of K, = 12 kJ/m?, the energy surface has
one single minimum, which means that the effective anisotropy is uniaxial regardless of the
cubic magnetocrystalline anisotropy. Importantly, the position of this minimum, which defines
the direction of the easy axis, is in all cases coincident with the elongated [111] direction.
Thus, the cubic magnetocrystalline anisotropy deforms slightly the toroid along the other (111)
directions, but it does not alter the uniaxial character of the anisotropy and neither tilts the
easy axis, which remains along the elongated [111] direction. It does, however, add a small
contribution to the effective uniaxial anisotropy constant of the system of the order of K,,./12 =
0.9 kJ/m®. As a result, in this system it is safe to evaluate the anisotropy energy density as
an effective uniaxial anisotropy along the elongated [111] axis with an effective constant K
which includes both the dominant shape anisotropy and dipolar interactions and the minor cubic

magnetocrystalline contribution:

Eanis(ea ()0) = K[l - (l&lll : am)Q] (9)



SS Influence of the Axi-Asymmetric Magnetic Field and Ge-
ometry of the Experimental System on the Profile of the
Hysteresis Loops

Firstly, aiming to understand the role of the axi-asymmetric magnetic field, Figure S4 depicts
expected hysteresis loops based on the Stoner-Wohlfarth model depending on whether the mag-
netic field has only an x component (symmetric, joH) or presents an axi-asymmetric compo-
nent in y and z as described within the text (19H,). Note that, in our calculations, the applied
magnetic field is entered as an input parameter in the simulations. The numerical simulations
were carried out considering o = 90°, an effective anisotropy constant X = 20 kJ/m? and
different A values.

Hysteresis loops corresponding to [ are fully symmetric with respect to the axis. On the
contrary the presence of an axi-asymmetric magnetic field leads to a shift of the loop along the
field axis, which direction and strength depend on the sign and value of ), respectively. That is,
the axi-asymmetric field removes the degeneracy on the easy axis orientation (+\) present with

symmetric fields.
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Figure S4: Simulated hysteresis loops calculated considering o = 90° and selected values of
4\ considering a symmetric applied field in the x direction (1o H) and the axi-asymmetric field
used in the STXM measurements (19 H,).

Secondly, to highlight the sensitivity of the local magnetic hysteresis to the magnetic easy



axis orientation we depict in Figure S5 magnetic hysteresis loops as function of polar (a) and

azimuth ()\) angles of the magnetic easy axis considering an effective anisotropy constant of

K = 20 kJ/m3.
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Figure S5: Simulated hysteresis loops calculated considering different values of A and (a) o =
90°, (b) 80°, (c) 70°, (d) 100° and (e) 110°. (f) Schematic representation of the geometry of the
system, in which x,y and z denote the sample and magnetic field reference system and o and \
are the polar an azimuthal angles defining the orientation of the [111] crystallographic direction
of magnetite, coincident with the axis of elongation of the magnetosomes, with respect to the
xyz reference system.

As shown in Figure S5, as « departs from 90°, the hysteresis loops start to distort. The
high sensitivity of the hysteresis loops with « is due to the geometry of the experimental system
itself, which is taken into account in the simulation. Indeed, the y axis of the hysteresis loop
corresponds to the projection of the magnetization vector along the beam direction, that is,
120° off the xy sample plane (see Materials and Methods section). As the easy axis of the
particle deviates from the xy-plane, the projection angle changes giving rise to the notable
changes observed in Figure S5. Moreover, this experimental configuration also breaks down

the otherwise existing symmetry of a with respect to the zy-plane (i.e. a=80° # a=100°).
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Note also that for A=90° (1o H, field perpendicular to the magnetic easy axis) we observe that
the shift of the hysteresis loops with respect to the field axis increases as o departs from the xy

plane (a=90°), increasing the sensitivity of this parameter as well.
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S6 Statistical Analysis of the RMSD Distribution

The probability distributions of K, o and \ for each particle have been calculated by following

this protocol:

* The probability of a certain value of K is proportional to the number of simulations with
that value of K whose RMSD lies below a certain confidence limit (in the text we have

considered two confidence limits: 5% and 10% above RMSD,;,).

* The probabilities of « and X are calculated for a fixed value of K, the one corresponding
to the best fit (RMSD,;;,). As in the previous case, the probability of a certain value of «
() is proportional to the number of simulations with that value of o (A) whose RMSD lies
below the confidence limit. For this, 2D matrices are analyzed, whose 3D representation

for the case of particle 2 is presented in Figure 5d.

As an example, Figure S6 shows the probability distributions of K, o and A for particle 2.
These distributions give us a clear view of how reliable the determination of a given variable
is. The average value of the distributions, represented as black squares (5%) and red spheres
(10%) in Figures 5a,b,c of the main text, must be close enough to the value corresponding to the
RMSD,,;, (asterisks). The standard deviation of the distribution can be taken as a measure of the

uncertainty of a certain variable and is represented by black and red shadows in Figures 5a,b,c.
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Figure S6: Probability distribution of K, o and A which RMSD values are within RMSD,;,
and RMSD,;;i, + 5%RMSD,,;, (black squares) and RMSD,;, + 10%RMSD,;;,, (red points) for
magnetosome 2.
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