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ABSTRACT. Single crystalline magnetic FeCo nanostars were prepared using an organometallic
approach under mild conditions. The fine tuning of the experimental conditions allowed the direct
synthesis of these nano-octopods with body-centered cubic (bcc) structure through a one-pot
reaction, contrarily to the seed-mediated growth classically used. The FeCo nanostars consist of 8
tetrahedrons exposing {311} facets, as revealed by high resolution transmission electron
Microscope (HRTEM) imaging and electron tomography (ET), and exhibit a high magnetization
comparable with the bulk one (M; = 235 A.m2kg'). Complex 3D spin configurations resulting
from the competition between dipolar and exchange interactions are revealed by electron
holography. This spin structures are stabilized by the high aspect ratio tetrahedral branches of the
nanostars, as confirmed by micromagnetic simulations. This illustrates how magnetic properties

can be significantly tuned by nanoscale shape control.






INTRODUCTION.

Nanoparticles (NPs) exhibiting complex shape combining high surface area and reactive facets
such as concave nanocubes, nano-octopods or nanostars have been highly investigated in the field
of catalysis due to their enhanced performances as compared to their isotropic counterparts (cubes,
spheres) and to nanoparticles present in commercial catalysts.!>3* Shape-controlled mono- (Pt,?
Pd,> Rh,® Au’) and bi-metallic (Pt3Co,* PtNi,® AuPd®) catalytically active nanoparticles have been
prepared by liquid phase chemistry. While isotropic NPs exhibiting low-energy {100}, {111} or
{110} facets are commonly obtained, the stabilization of a negatively-curved concave structure
exposing high-index facets requires a kinetic control of the reaction rather than a thermodynamic
one.'%!! Therefore, different approaches have been used to promote kinetic reactions, among
which faster precursor addition,® higher heating rate'? or improved reducing agent strength.!?
Alternatively, overgrowth on preformed seeds'* or stabilization of specific crystallographic facets

through ligand coordination,>!> have been also successfully developed.

The shape control, essential for catalytic applications, is also of particular interest for tuning
magnetic properties. Indeed, the magnetic dipolar energy depends on the NP geometry and can
induce a strong shape anisotropy for elongated particles. For most of the common 3d magnetic
materials, such a shape anisotropy can be much larger than the magnetocrystaline one.'® In
addition, strongly pinned spins randomly oriented at the NP surface may also result in an increased
anisotropy,'”!% a phenomenon enhanced for high surface/volume ratio NPs. Only few reports of
NPs with complex shape deal with magnetic materials. While CoPt3* octopods and NiPt® hexapods
have been prepared, their study was limited to catalysis performances. Dedicated magnetic studies
have been performed mostly on oxide based materials, such as Mn-based (MnO,!?> MnyFe;.«0'°)

and Fe-based oxides (Fe3042%2122 FeO/Fe3042%), and only one did investigate metallic NPs



(FePt?**). Magnetic anisotropy was shown to be significantly enhanced in some studies, as
compared to the case of nanospheres and nanocubes commonly used,?? resulting in better

12,20

efficiency as MRI contrast agents and larger heating capacity for magnetic hyperthermia

applications.??

The exact magnetic configuration within such complex 3D objects has never been reported,
although it could guide future rational design of optimized NPs. Previous reports have shown the
potential interest of replacing oxides by materials exhibiting larger saturation magnetization
values, such as metallic Fe, Co or their alloys.”>2® We have recently reported the synthesis of
single-crystalline FeCo NPs following an organometallic approach.?’” Their size, shape and
chemical composition could be tuned by the experimental parameters (nature and concentration of
ligands, precursor concentrations).?”-?® As prepared, these NPs exhibited saturation magnetization

values comparable with the bulk one (M, = 226 A.m2kg™").?7?

In this paper, we report the synthesis and the advanced magnetic characterization of FeCo nano-
octopods. These single-crystalline bcc nanostars are enclosed by high-energy {311} facets as
revealed by advanced electron microscopy techniques. The mean size of the nanostars can be tuned
from 12 to 90 nm by adjusting the reaction time. Local chemical analysis revealed a mean
composition of FesoCoso very close to the permendur alloy, leading to high saturation
magnetization (235 A.m2.kg™"). Electron holography studies on single FeCo nanostars and the
corresponding micromagnetic simulations evidenced two magnetic states where the magnetization
laid parallel to each of the 8 arms, while the center of the particle present either a relatively

homogeneous magnetisation or a complex antivortex-like magnetic configuration. This



observation is in remarkable agreement with the low energy magnetisation configurations we

obtained by micromagnetic simulations.

RESULTS AND DISCUSSION

FeCo NPs were obtained by the co-reduction of two organometallic precursors,
{Fe[N(SiMe3)2]2}2 (Me = CH3) and {Co[N(SiMe3)2]o.THF} (THF = tetrahydrofuran), at 150°C
under H> atmosphere in presence of a mixture of palmitic acid (PA) and hexadecylamine (HDA)
ligands. The FessCoszs permendur alloy composition was targeted to reach the largest saturation
magnetization within the nanoparticles.”® Thus, the ratio of the introduced precursors was kept at

0.8 Co : 2 Fe in the whole study.

The shape of the final nanoparticles has been tuned by varying the acid (x) and amine (y)

concentration used. (Equation 1, Figure S1).

0.8 Co+2Fe+xPA+yHDATSOOC>FeCo NPs (Eq. 1)
2

For low acid concentration (x < 4), nanoparticles of small sizes and isotropic shapes (cubes and
spheres) were obtained, due to a high nucleation rate. For x > 4.5, the partial stabilization of the
precursor by palmitic acid leads to nanoparticles with octopod-like shape were observed
concomitantly to small seeds (Figure S2). By optimizing the experimental conditions, we
succeeded to favor the formation of nanostars. A 80% reaction yield was reached after 48h of
reaction at 150°C in the presence of acid and amine concentrations of x = 6 and y = 3, respectively

(Figure 1a). The obtained nanostars were used for all the following structural and magnetic studies.

Structural studies



The 3D structure of the nanostars was statistically studied by scanning electron microscopy
(SEM, Figure 1b). Most of the particles were oriented in order to expose four of their branches.
These branches are symmetrically extending from the particle center and have a length of typically
40 nm. Few particles were tilted allowing observing six of their branches (Figure S3). Series of
scanning transmission electron microscope (STEM) images using high-angle annular dark field
detector (HAADF) have been acquired on an isolated FeCo nanostar. The reconstructed tomogram
reveals an octopod-like shape (Figure lc-e, video S1) and confirms the presence of 8 arms
stemming out of the particle center. This agrees with the theoretical model of nanostars consisting
of 8 identical tetrahedrons symmetrically distributed (Figure 1f-g, video S2), and used thereafter

for micromagnetic simulations.



f)

Figure 1. a) Transmission Electron Microscopy (TEM) and b) Scanning Electron Microscopy
(SEM) images of an assembly of FeCo nanostars. c-e) projections tilt series recorded in STEM-
HAADF of an isolated single nanostar observed at different tilt angles c¢) -67°, d) + 31° and e)
+71.5°. f) Three-dimensional reconstruction of the nanostar obtained by electron tomography and
g) the corresponding ideal model used for micromagnetic simulations.

The local chemical distribution of both Fe and Co within the nanostars was analyzed by energy

dispersive X-ray spectroscopy using a STEM (Figures S4). The chemical STEM-EDX maps



confirmed that the nanostars consist of FeCo alloy, a mean composition of Fes7Co43 being

measured.

The expected bcc structure for all synthetized nanostars has been evidenced by powder X-ray
diffraction (XRD) without additional parasitic crystalline phase (Figure S5). High-Resolution
TEM images and electron diffraction patterns performed on several individual nanostars revealed
their single-crystalline structure and confirmed the bcc crystalline phase. A thin oxide shell is
observed at the nanostar surface. It is formed due to air exposure during the sample introduction,
but does not impact the detailed analysis of the apex angle reported hereafter. Most of the nanostars
observed stood on the TEM support on four of their branches and were thus viewed along the [001]
zone axis of the FeCo bcc structure (Figures 2a-b and S6). Some nanostars layed on only two
branches, revealing a [110] orientation (Figure S7) or even on a single branch, showing the
expected six-fold symmetry diffraction pattern characteristic of the FeCo bcc structure observed
along the [111] zone axis (Figures 3c-d). We performed a systematic and detailed analysis of the
branches (length, angle) on the different projection views (Figure S8). Considering the symmetry
of the nanostar, the projected edges and the mean apex angle of each arms observed along the
different orientations, the nanostars were determined to exhibit high index {311} facets (Figure
S9). Indeed, the experimental and theoretical apex angles are in very good agreement: 36 + 1° vs
36.8° for [001] projections, 30 £ 1° vs 30.0° for [110] projections and 37 £ 1° vs 38.2° for [111]
projections. for In the literature, a variety of high index facets have been determined on fcc-
structure nanostars : {730},% {310} and {420} in Pd,3° {411} in Pt,? {722} in AuPd;'3 while {311}
facets were reported for Fe3042° and MnxFe; <O.!° To the best of our knowledge, there is no other

example of bcc-nanostar to be compared with.
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Figure 2. a, c) HRTEM images and b, d) the corresponding selected area electron diffraction
(SAED) pattern of individual nanostars oriented along a-b) [001] and c-d) [111] zone axis. An
oxide shell, formed due to air exposure during the sample introduction, is observed.
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Growth mechanism study

To try to unravel the growth mechanism of these octopods, we studied the effect of the reaction
time and temperature. Lowering the temperature down to 120°C did not affect the shape of the
FeCo nanostars, but slightly broadens the size distribution (Figure S10). A kinetic study performed
at 150°C revealed that even after short reaction times (6 h), small octopods were already formed
(Figure S11). Extending the reaction time leads to the growth of the objects, the mean branch size
increasing from 12 nm, after 6 h, to 60 nm after 7 days. One could notice that an overgrowth
occurred for extended reaction time, leading to dendritic-like objects (Figure S11d). These objects
exhibit a homogeneous chemical composition slightly enriched in Fe as compared to the nanostars

obtained after 48 h of reaction (Figure S12, Fes7Coa3 after 48h vs. Fes7Coss after 7 days).

Nanostars, or octopods, are known to be kinetic objects, which could result either from the
overgrowth of a seed or from the corrosion of a larger particle. In our case, FeCo nanostars most
probably result from the overgrowth of cubic seeds along the [111] directions. Indeed, an octopod-
like shape is observed even after short reaction time and on small size objects. The stabilization of
the high-index facets seems to be promoted by the palmitic acid ligand. Indeed, a critical acid
concentration of x = 4.5 allows favoring the octopod-like shape over the nanosphere and nanocube
ones, though thermodynamically more stable. Such a drastic shape control was previously reported
using the same iron precursor on pure Fe NPs.3! The stabilization of iron(Il)carboxylate complexes
induced by the in-situ reaction of palmitic acid with iron precursor was determinant in the fine
shape control observed. In the case of FeCo nanoparticles, the presence of two precursors leads
probably to a far more complex mechanism, but the Fe-enrichment of the nanostar composition
observed with time strengthened the hypothesis of the key effect of the acid and the resulting

iron(I)carboxylate.
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Investigation of magnetic properties

The magnetic properties of the nanostars obtained after 48h were measured in powder state using
vibrational sample magnetometry (Figure S13). The nanostars exhibit a ferromagnetic behavior at
300 K, with a coercive field of 35 mT, a remanent magnetization Mgand a saturation magnetization
Ms 3rof 20 £2 and 217 £ 5 A.m2kg!, respectively. Once cooled down to 5 K under an applied
field of uoH = 3T, a coercive field of 50 mT has been determined, while the hysteresis cycle did
not show any exchange-bias. The saturation magnetization raised up to Ms ;7= 235 £5 A.m?2.kg
I, close to the bulk value (240 A.m2.kg").3? The saturation field, was fairly large and did not

significantly evolve with the temperature (uoHs = 780 mT, determined for M = 0.95 M5, 37).

The magnetic configuration within individual nanostars was further studied experimentally by
electron holography following a method we developed for investigating the magnetic properties
of Fe nanocubes.?33* To obtain representative results, the observations were reproduced on several
nanostars viewed along [001] or [111] orientation. In this respect, it is important to note that prior
to electron holography, the nanostars were examined in conventional TEM to select some of them
suitable for electron holography. Interestingly, all of the [001] oriented nanostars exhibit nearly no
magnetic contrast (Figures 3a,c and S14a,c). On the contrary, the nanostars viewed along the [111]
directions exhibit a very intriguing magnetic phase map (Figure 3b,d and S14b,d), resulting in a

fairly localized magnetic induction (Figure 3e and S14e).
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Figure 3. a-b) Conventional TEM images and c-d) the corresponding magnetic phase shift maps
determined by electron holography for individual nanostars oriented along a,c) [001] and b,d,e)
[111] zone axis. e) Vectorial magnetic map with flux lines calculated from the experimental phase
shown in d), corresponding to the magnetic induction flux lines around the [111] nanostar. The
inset color wheel indicates the direction of the magnetic induction. Scale bar = 20 nm.

To understand this discrepancy between the [001] and [111]-oriented nanostars, micromagnetic
simulations were performed, considering the size of the star observed and the specific magnetic
history. Once deposited on a grid, the nanostars were initially exposed to a 1 T magnetic field
during the TEM pre-observation. This field, due to the objective lens of the microscope, is
perpendicular to the grid and thus applied along the [001] or [111] directions, depending on the
relative nanostar orientation. Such a parasitic magnetic field being absent in the holography
dedicated microscope in Lorentz mode, the magnetic configurations observed correspond to the

remanent state (LoH = 0).

Two different magnetic spin structures were determined by micromagnetic simulations. The first
configuration, shown in Figure 4, corresponds to the remanent magnetic state with the minimum
of energy, i.e. the ground state, and was observed after application of the 1 T saturating field along
the [001] direction of the nanostar (video S3). In this configuration, the saturation field direction
and the electron path correspond to the z axis, and the image plane to the (xy) plane. The
magnetization is homogeneous in the center of the star, while pointing in or out along the branches
(see Figure 4a-b). We will refer to this configuration as the “flower state” as it presents strong

similarities with the flower state classically observed in ferromagnetic cubes.’*3
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Figure 4. a) 3D view of the magnetization in the “flower” state obtained at remanence after
application of a saturating field of 1T in the [001] direction (z axis). b) Schematic view of a), the
arrows indicate the moment orientation and the partial curling of the spin. Cross-sections
perpendicular to the z axis of the magnetic spins at ¢) the top, d) the middle and e) at the bottom
of the nanostar core.
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In the case of FeCo nanocubes, this relatively homogeneous configuration is observed only for
cubes slightly smaller than the vortex limit, i.e. for ~ 20 nm cubes.?® This magnetic transition as
a function of the size is explained by the competition between the dipolar energy and the exchange
energy.’* The stabilization of the flower state in the present FeCo nanostar is thus remarkable,
since it presents much larger dimensions than the 20 nm nanocube. Its core can contain a 30 nm
sided cube. This particularity illustrates the dominant role played by shape anisotropy: the
magnetization is forced to align along the arms’ direction due to their high aspect ratio, thus
stabilizing the flower state in a relatively large nano-object. Another particularity is distinguishing
this nanostar flower state from the classical flower state in cubes.?* Upon closer observation of the
two sides of the nanostar perpendicular to the core magnetization direction [001] (i.e. (001) planes,
see Figure 4c-e), we observe a curling pattern which resembles to the vortex state of a cube. It
means that the homogeneous magnetization in the center of the cube, characteristic of the flower
state, is terminated at each (001) extremity by a curling of moments. This curling, enabled by the
relatively large dimensions of the nanostar, allows reducing the dipolar energy. It presents however
an important difference with the classical vortex configuration in cubes. While the cube vortex
configuration possesses a unique helicity (as defined by Schabes et al.?>), which is equal at the two
cube faces, we observe a helicity reversal for both sides of the nanostar (compare Figures 4c and
4e). Moreover, the vorticity is cancelled in the central plane where the magnetization direction is
mainly homogeneous and pointing toward the [001] direction as can be seen in Figure 4a,d. Such
superposition of vortices with reversed helicity has been previously observed in Co nanowires with

magnetocristalline anisotropy perpendicular to the nanowire direction.’’

The magnetic phase shift measured in electron holography corresponds to an integration along

the electron beam path of the in-plane components of the magnetic induction. As shown Figure 4,
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the 3D flower state presents a reversal of the (x-y) magnetic components for symmetric branches
while the z component keeps the same direction parallel to the initial magnetic field. Thus, all
magnetic in-plane components of each x-y plane have their symmetric reversed counterpart. As a
consequence, the integration of these in-plane components along the z axis (parallel to the electron
beam) results in no or little contrast in electron holography (Figure S15), in agreement with the

experimental observations (Figure 3c).

A second magnetic spin structure at the remanent state was determined by micromagnetic
simulations on nanostars observed along the [111] zone axis. (Figure 5, video S4) A nanostar of
90 nm, initially exposed to a 1 T saturation field in the [111] direction, i.e. along one branch, was
allowed to relax in the absence of external field. The z axis and the (x-y) planes (parallel to the
image plane) of the simulation corresponds here to the [111] direction and (111) planes,
respectively. The resulting induction flux lines (Figure 5b) and magnetic phase shift map (Figure
5d) were simulated. A very good agreement between simulations and experimental observations
was obtained, as shown by the quantitative comparison between experimental and simulated phase
shift profiles (Figure 5e). The remanent state corresponds then to a configuration in which the

spins lay parallel all along the [111] diagonal, even in the nanostar core (Figure 5f, white arrow).
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Figure 5. a) Experimental and b) simulated magnetic flux lines superimposed with conventional
TEM image contrast and simulated nanostar projected along the [111] direction, respectively. ¢)
Experimental and d) simulated phase shift maps. Scale bar = 20 nm e) Measured and simulated
phase shift profiles obtained along the dashed arrows in c) and d). f) Schematic view of the
magnetic configuration g). The white arrow evidence the [111] diagonal along which the 1T field
was initially applied prior to relaxation. h) Magnetization in the (111) plane at the center of the
nanostar.

The magnetization in the (111) plane perpendicular to the [111] direction at the center of the
nanostar reveals an intriguing spin structure, as shown in Figure 5h, where the cross-section, taking
the form of a hexagon, is shown. In this 2D cross-section, the magnetization in each side of the
hexagon is imposed by one of the star’s branche, which are alternatively pointing in or out leading
to a total 47 rotation of moments in the plane. Consequently, the projection of the magnetic
configuration in this (111) plane resembles to a 41t antivortex (Figure S16). However, one should
keep in mind that the real spin configuration is 3D and thus much more complex than a 2D

projection.
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CONCLUSION

We report here on the synthesis of FeCo nano-octopods using an organometallic approach. By
adjusting the experimental conditions, a kinetic reaction control was reached. Single-crystalline
bcc-nanostars exhibiting high index {311} facets were prepared. While they exhibit a saturation
magnetization close to the bulk one, their magnetic configuration is strongly affected by their
peculiar 3D shape. The presence of the eight branches induces a strong shape anisotropy and results
in complex flower-like or anti-vortex like configuration in the nanostar center. If the critical impact
of the nano-octopod shape on the catalytic activity has been already well-established in the
literature, this study clearly reveals the impact of this geometry on the magnetic properties, for
instance by stabilizing a flower state on relatively large nano-objects. In the framework of
magnetically-activated catalysis, such nanostars, obtained from a single-pot reaction, open
promising perspectives to combine in a single object heating efficiency and highly reactive

catalysts.
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EXPERIMENTAL SECTION

Synthesis of FeCo nanostars.

All solvents were purified on alumina desiccant (Pure Solv, Innovativ Technology) and degassed
by bubbling Ar into the solvent for 10 min to remove any oxygen traces. Typically, in a glove box,
82.8 mg (0.22 mmol) of Fe(N(Si(CH3)3)2)2 (>99.9%, Nanomeps) and 39.9 mg (0.088 mmol) of
Co(N(Si(CH3)3)2)2,THF (>99.9%, Nanomeps) were separately dissolved in 0.5 ml of mesitylene
(99%, Merck) and then mixed, leading to a dark green solution. 170.3 mg of palmitic acid (PA,
0.66 mmol, Sigma, 99%) and 79.9 mg of hexadecylamine (HDA, 0.33 mmol, Sigma, 99%) were
dissolved in 2.5 ml and 1.5 ml of mesitylene respectively. The PA solution was added onto the
precursor mixture, which became violet. The resulting solution was magnetically stirred during 5
min. The HDA solution was added, the solution remaining violet. The solution was transferred
into a Fisher Porter bottle, pressurized at 3 bars of H> and then heated 48 h at 150°C. Once cooled
down, the supernatant exhibited a dark blue color, revealing that the reduction of the precursors
was not yet over after the 48 h of reaction. TEM characterization did not reveal any nanoparticle
in the supernatant. All the particles were attached to the magnetic stirrer. The particles were
washed three times with toluene (99%, Acros) to remove unreacted species and ligand excess. The
particles were dried and kept as a powder (~50 mg) in the glove box. The ligands ratio, the reaction
time and the temperature were varied to study their impact on the final size of the nanostars.

Characterizations

XRD measurements were performed on a PANalytical Empyrean diffractometer using Co-Ka
radiation. In a glovebox, few mg of the powder was sealed between two kapton sheets to prevent
any air exposure. Thermogravimetric Analysis (TGA) was performed on a Mettler-Toledo balance
in air and under Ho/Ar atmosphere to determine the metallic content of the final powder.

Magnetic measurements were performed using a Quantum Design Physical Property
Measurement System (PPMS) in the Vibrating Sample Magnetometer (VSM) configuration. 10
mg of powder were introduced in a Teflon cap. 3T magnetization cycles were recorded at 300K
and 5K after a 3T field cooling.

Electron microscopy sample were prepared by drop casting a toluene suspension of nanostars
on carbon coated copper grids. The particles were redispersed using sonication in presence of a
slight amount of HDA. The morphology was routinely assessed by Scanning Electron Microscopy
(SEM) using a JEOL JSM 6700F and by Transmission Electron Microscopy (TEM) using a 100kV
JEOL JEM 1011F. The mean length (L») and angles distribution were measured from the image
analysis on c.a. 50 nanostars using the ImageJ software (image magnification 250k)."

Energy X-ray dispersive analyses were conducted on a JEOL 2100F equipped with a SSD
Brucker detector to determine at the nanostar scale the relative FeCo content.

For the tomography measurements, the acquisition of the tilt series was performed in the STEM-
HAADF mode on a probe-corrected FEI Titan Low-Base 60-300 microscope operating at 300 keV
(fitted with a X-FEG® gun and Cs-probe corrector (CESCOR from CEOS GmbH)). The tilt series
were obtained by tilting the specimen between -66° and + 71.5° using an increment of 2° in the
Saxton mode.>? The data treatment of the tilt series for preliminary image processing procedure
was performed using the IMOD software.* The volumes reconstruction were obtained using 15
iterations of the algebraic reconstruction technique algorithm (ART)’ implemented in the TOMOJ
software.® To model the computed volume, we finally used a segmentation procedure based on the
grey-level intensities of the voxels, followed by surface rendering methods.”



It is worth noting that no evidence of irradiation damage in the samples was detected during the
tilt series acquisition.

The Electron Holography experiments were carried out on a HF3300C (I2TEM) microscope of

Hitachi High Technology (HHT). This electron microscope at 300 kV was designed for in situ
TEM and electron holography studies in Lorentz mode. It is fitted with a cold field emission gun
to achieve a high sensitivity to the phase shift, a dedicated Cs corrector for large field of view
(Bcorr from CEOS company) and a dedicated stage to introduce the sample in a field free position
above the objective lens. This optimized Lorentz mode increases the spatial resolution up to 0.5
nm, giving 1 nm accuracy for the nanoparticle size measurement. A double biprism configuration®
has been set to avoid Fresnel fringes and tune independently the interference area and the fringe
spacing. Holograms with 0.5 nm of interfringe have been acquired after a 2 s exposure time.
5 holograms with 0.5 nm of interfringe have been recorded for each nanostar with an exposure
time of 2 s per image (total exposure time: 10 s). From the 5 holograms acquired on a same
nanostar, 5 phase images have been extracted with 1 nm of spatial resolution using homemade
software and summed after correcting spatial drift. Magnetic contribution of the phase shift has
been isolated by evaluating half of the difference of the two phase images obtained before and
after removing and inverting the sample.

Micromagnetic simulations

Micromagnetic simulations were carried out using the 3D version of the micromagnetic code
OOMMEF-3D package.® All simulations presented here were done by considering the size of the
measured nanostar presented in Fig. 3. The used magnetic parameters correspond to the ones of
FeCo at room temperature: saturation magnetization Mg = 1.95 MA/m, exchange stiffness A = 17
pJ/m and cubic anisotropy constant K; = 0 kJ/m? as expected from the measured composition and
bulk behavior.!® The conjugate-gradient approach has been used form calculations that were
stopped at convergence (| mx H x 77i|< 0.02 A/m). For the meshing, a cubic cell of (1x1x1) nm?
was used and the total simulated space was (200x200x200) nm?3. Note that the use of cubic cells
introduced deviations from the planar facets of the synthesized nanostars. In order to identify the
ground state among the different metastable solutions that could be obtained, calculations were
performed (i) relaxing the magnetization under applied zero magnetic field from a random
orientation of the magnetic moments as the initial state, (ii) relaxing under applied zero magnetic
field after application of a saturating field of 1T in the <001>, <110> and <111> directions, and
comparing the total energy of the different obtained magnetic configurations.
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Figure S1. Transmission Electron Microscopy (TEM) of FeCo nanoparticles obtained in presence
of a palmitic acid concentration x equal to a) 1, b) 2, c) 3 and d) 4.
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Figure S2. TEM image and the corresponding mean size distribution of FeCo nanoparticles
obtained in presence of 4.5 PA and 6 HDA after 48h at 150°C.

Figure S3. SEM images with a) low and b) high magnification of FeCo nanostars obtained in
presence of 6 PA and 3 HDA after 48h at 150°C.



Figure S4. STEM-EDX mapping of b) Fe, Co; c¢) Fe and d) Co elements within the FeCo nanostars
obtained after 48h of reaction and revealing a chemical composition of Fes7Coa3.
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Figure S5. X-Ray diffraction (XRD) pattern of FeCo nanostars obtained after 48h of reaction.
Reference pattern (dashed red line): ICDD # 00-044-1433



Figure S6. HRTEM image of individual nanostar oriented along <001> zone axis.



Figure S7. HRTEM image of an individual nanostar oriented along <011> zone axis.
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Figure S8. HRTEM images of branches of a) [011] and b) [111] oriented nanostars. The black
lines are guide to the eyes for the metallic core to be considered for the angle measurement. The
dashed lines materialized the extrapolated apex angle.
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Figure S9. HRTEM image of nanostar viewed along the [001] zone axis and the corresponding
FFT. The gray lines are guide to the eyes for the metallic core to be considered for the angle
measurement.
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Figure S10. TEM images and the corresponding mean size distribution of FeCo nanoparticles
obtained in presence of 4.5 PA and 6 HDA after 48h at 120°C.
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Figure S11. TEM images of the nanoparticles obtained after a) 6h, b) 24h, c) 48h and d) 7 days of
reaction at 150°C in presence of 6 PA and 3 HDA at 150°C.
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Figure S12. STEM-EDX mapping of b) Fe, Co; c¢) Fe and d) Co elements within the FeCo
nanostars obtained after 7 days of reaction and revealing a chemical composition of Fes7Co33.

100
200
50
&~ 100 —
2 2 .
-
~ ~ /
g O g 0
< <
= -100- =
=50
— 300K ——300K
-200 - —_ 5K —a— 5K
3 I2 T T T 2] 3 '100 T T
. : 4 0 1 .0.2 -0.1 0.0 0.1 0.2
a) b)
uoH (T) uoH (T)

Figure S13. Hysteresis cycles measured on a random powder of nanostars at 300K (black line)
and 5K after field cooling under poH = 3T (red line). a) -3T/3T cycles, b) enlarged view of the -
0.2/0.2T window to characterize the coercive fields.
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Figure S14. a) and b) Amplitude images of FeCo nanostrats observed along the [001] and [111]
zone axis respectively. ¢) and d) Corresponding magnetic phase shift maps. We can clearly see a
very slight integrated magnetic induction showing the compensation of the magnetic phase shift
along the electron path. The residual contrast on ¢) is due to a slight misalignment of the cube axis
with the electron beam, or artifacts coming from diffraction contrasts and image alignment during
the data treatment. ) Vectorial magnetic map with magnetic flux lines calculated from the
experimental image shown in d). The color represents the direction of the magnetic induction
following (color wheel in insert). Scale bar = 20 nm.
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Figure S15. a) Top view observation of the magnetic configuration of a [001]-oriented nanostar

and b) the simulated magnetic phase shift corresponding to the integration along the electron beam
path of the in-plane components of the magnetic induction.
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Figure S16. a) Magnetization in the (111) plane at the center of the nanostar determined by
micromagnetic simulations and b) the corresponding schematized view evidencing the 4Tt
antivortex-like structure. Color bar : ratio between the z component of the magnetization M. and
the total magnetization M.
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