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ABSTRACT : We report a chemical method to prepastaftlic Fe porous nanocubes. The presence of
pores embedded inside the cubes was attesteddiyoeléomography. Thanks to electronic holography
and micromagnetic simulations, we show that thesgmee of these defects stabilizes the vortices in

assembly of interacting cubes. These results opew perspectives towards magnetic vortex



stabilization at relatively low cost for various pipations (microelectronics, magnetic recording or

biological applications).

KEYWORDS. Magnetic nanoparticles; bcc-Fe; Porousorabjects; Vortex stabilization; Electron

holography; Electron tomography

INTRODUCTION :

Magnetic nanoparticles (NPs) are objects of chdaremultiple purposes such as magnetic
recording™? which requires high storage densifyand biomedical applicatiorissuch as MRI contrast
agents, or therapeutic hyperthermia medfa. Although single-domain magnetic materials arealisu
targets for these applicationy’ vortex configurations, which arise at the trawsiti between
multidomain and single-domain materials, could leparticular interest for dedicated purposes.
Indeed, vortices are characterized by their pglaiie. the direction of magnetization in the core
(up/down), and their chirality, i.e. the directiai rotation around the vortex core (clockwise or
counterclockwise}? As the vortex polarity and chirality are indepemigidour magnetic states could be
obtained (Supplementary Scheme 1), thus openingdtspective of two-bit-per-dot media for magnetic
storage, providing they can be manipuldtetf:*> Additionally, the excitation of vortices by a spin
polarized current leads to high-quality radio-freqay oscillators, even in the absence of external
magnetic field, which is very promising for potettapplications®*"*®Finally, vortices have recently
been reported as presenting high potentiality fimmiedical applications since they combine high
saturation magnetization, required for bioapplmasi with negligible remanence magnetization, which
is a key feature for stabilizing ferrofluids againggregation phenomen.

However, in all of these applications, the stahtiian of vortices in presence of magnetic dipolar
interactions (for closely packed nanostructuresighly contentrated ferrofluids) is crucial. We kav
previously reported that an isolated 30 nm Fe napecexhibits a vortex staf.However,

ferromagnetic coupling appeared between self-adeeihnianocubes, leading to the disappearance of
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individual vortex in favor of more stable flux clo® configurations across several cufieSor dipoles

of FeO4 nanorings, theoretical works have also shown anetagcoupling leading to the disappearance
of vortices'® In order to overpass this limitation, one shoufgpiove the stability of the vortex within a
single object. Two options may be considered naneiase of the object size, which will be a drawbac
for applications, or the introduction of internalcancies and defects within small object which @oul
pin the vortex coré*%?Up to now, the experimental preparation of sudtficial pinning sites (defects,
holes) requires costly multi-step patterning preess-?3 An alternative method for the preparation of
magnetic objects with embedded defects could hedighase chemical reactions.

Though synthesis of magnetic nanoparticles witihhinagnetization values has been a long-
sought goal, researches were mainly focused oncefeée particles. Except from hollow RO,
spheres or rodS:?* synthesis of metallic nanoparticles with pores edued has never been reported.
Based on our know-how in the size and shape coofriobn nanoparticle$> we have succeeded in the
growth of porous particles. Our method is basedhamediated-growth which proceeds through three
distinct steps: i) nucleation; ii) growth/coalesceniii) growth/ripening. The control of the
growth/coalescence step has recently received dbtsterest yielding nanoparticles with unique

features’®?’ Here its control allows us to force the preserfdeotes within nanocubes.
METHOD :
Synthesis of porous cubes.

A colorless solution of lauric acid (300 mg, 1.5 oiml.5 equivalent per mole of iron) in
mesitylene (10 mL) was added to a green solutiofFe|N(SiMe3);]2}2 (376 mg, 0.5 mmol) in
mesitylene (5 mL) under Ar atmosphere. The mixtues manually stirred and its colour immediately
turned to yellow. One minute later, a solution afddcylamine (370 mg, 2.0 mmol, 2.0 eq.) in
mesitylene (5 mL) was added to it. The mixturetethto darken and it became black after 10 min of
magnetic stirring at room temperature. The soluti@s then put under 3 bars of Bhd let to react in
an oil bath at 150°C for 48h. See Supplementargn@tfor further details.



Characterization of the NP#Jicroscopy samples were prepared by deposition difuaed colloidal
solution drop on a carbon coated copper grid ansemied on a JEOL-1011 for Bright Field
Transmission Electronic Microscopy (TEM) and JEQIOQF field emission microscope for High
Resolution-TEM (HRTEM) working with 100 kV and 28Y respectively. In the majority of cases, size
histograms were obtained by manual counting proess at least 100 particles, using ImageJ
software?® Size distributions have been fitted by Gaussiam; lthe results are expressed by the
calculated mean size and standard deviatidlagnetic studies were carried out on powder saspy
SQuID (MPMS Quantum Design 5.5) and the iron shaig environment were analysed by Mdssbauer
spectroscopy (WISSEL/Co source). Samples were prepared into the gloxeahd extreme care was
taken to avoid oxidation during transfer to the apgus. Flame sealed glass tubes of powder were
prepared under argon to determine the iron compaditom microanalysis measurements performed by

ICP (Inductively Coupled Plasma).

Electron Tomographylo study the morphology of these Fe cubes, we lesgren tomography in
scanning transmission electron microscopy (STEM)enaising High Angle Annular Dark Field
(HAADF) detector. This technique is well suited obtain size and morphology information of
crystalline materials without suffering from Frekfienges and diffraction contrast. A full 3D analy is
then possible. We acquire HAADF-STEM tilt series @rFEI Tecnai F20 microscope fitted with a
Fischione high-tilt tomography holder. The holdsrdesigned to allow a +/-80° tilt without being
limited by the pole piece gap of the microscopes ®hly restriction comes from the specimen itsetf a
its support (400 mesh grid, in our case). We aequiwo tilt series with 2 different camera lengthise
first tilt series was taken between -66° and +7@hwn angular step of 2° between each acquisition.
The tilt maximum leads to a missing wedge of infation that induces an artefact of elongation inzhe
direction. In our case the global missing wedgé4$ and induces an elongation with a ratio of h.1 i
2% The second tilt series was acquire with a -45 tis@ange which leads to a strong elongation in z
(ratio of 1.35) but the camera length was more @meite and the contrast of the projections as azl|
the quality of the 3D object were improved. In bathses, the projections were sorted out under

inspect3D software and aligned by cross-correlatiosing an appropriate spatial filter.

Electron HolographyThe structures of the different layers and intesfaavere investigated by
transmission electron microscopy (TEM) both in cemvonal and in high-resolution mode using a FEI
Tecnai-F20 microscope fitted with a spherical adt@yn (Cs) corrector (CEOS) whose point resolution
is 0.12 nm. We use off-axis EH in the same micrpsc study the remnant magnetic state of the Fe
porous nanocubes at room temperature. Hologramse wdigitally acquired with switching off the

conventional objective lens and using the firshdfar lens of the Cs corrector and the projectors t
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reach a maximum magnification of about x300 00C Pphase images were obtained by reconstruction
the hologram using Fourier transformation and ramgwany additional phase shift using a reference
hologram obtained in vacuum. The spatial resoluabthe phase images is determined by the fringe
spacing, which depends on the voltage appliedaditprism (2,3 nm at 135 V) and the diameter of the
spatial-frequency filter (6 nm) applied in the Heurspace when reconstructing the holograms. The
magnetic contribution to the phase shift was ex#cby recording holograms in two opposite

directions (sample up / down).

Micromagnetic calculationdVe used the three-dimensional version of the miagmetic code
OOMMF to determine the magnetic configuration ia famples® The 3-D nanocube shapes and sizes
introduced for the calculations are deduced fromm2tD TEM images with the assumption that the Fe
cubes are perfectly cubic. Each iron nanocubesisréiized in 3-D cells with 4 nm side length. Wedis
bulk magnetic parameters for iron: saturation mégaton Ms= 1.72x16 A/m, exchange stiffness A =
2.1x10" J/m and cubic anisotropy constant & 4.8x1¢ J/n?. A damping parameter of = 0.5 was
used to reach equilibrium remnant state rapitityfit the simulations with the experimental proces
we applied magnetic fields of the same amplitudd direction as were applied experimentally. The
nanoparticles have been deposited onto the TEMigrjgtesence of a 250mT magnet, generating a field
along [001] direction. Then, the objective lengugh switched off, induces a residual magnetidfadlca.

20 mT parallel to the optic axis due to the remaeent polar pieces. Thus, we included in the sitmomhs
this small magnetic field parallel to [001flectron holography provides a 2-D induction mapthod
magnetic nanocubes. In order to compare our siloaktwith experimental results we add the
magnetization and total field vector coordinategath cell to obtain a 3-D induction map. Then, the
calculated induction vectors are averaged alongztd@ection to obtain a 2-D map of the simulated

induction integrated along the sample thickness.

RESULTS & DISCUSSION :

The reduction of (Fe{N[Si(Ck}3].}2)2 in mesitylene under a dihydrogen atmosphere at@50°
leads to nanoparticles of 1.5 nm of diamétehdding surfactants with a long alkyl chain andadap
head (-NH, -COOH) to the initial mixture has several effectghey stabilize the nanoparticles formed,
(ii) they react with the precursor to form morebdtaspecies such as iron (Il) carboxylate complexas

(iii) at large concentration, they tend to selfamige leading to a mediated-grovithFor acid:amine
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ratio below 1.4:2 equivalents (eq.) per mole ohjroano-objects grow in an isotropic environment,
leading after 2 days of reaction to spherical naniges with mean diameters ranging from 1.5 ton®

(Supplementary Figure S1).

For acid:amine ratio of 1.5:2 eq., self-assembbiesurfactants are observed concomitant with
the growth of cubic nanoparticles (Supplementagufé S2). These self-assemblies seem a prerequisite
for the synthesis of cubes through a mediated-droBy modifying the alkyl chain length of surfactain
from 16 to 12 carbons, we could tune this medigexvth. Polydisperse cubes (42non= 16nm) were
obtained after 2 days of reaction with C12 surfaistaFigure 1a, Supplementary Figure S3). Within
these objects, regions with brighter contrast dreeoved in transmission electron microscopy (TEM,
Figure 1a) and in high resolution TEM (HRTEM, Sugpkentary Figure S4). Such contrast could be due
to local variations of thickness or of material.vittver, metallic Fe was the only material detected b
HRTEM, thus, the thickness variation could moreelyjkarise from local defects at the surface or

embedded within the cubes.

Since TEM only provide a two-dimensional (2D) patjen of the objects, electron tomography
has been performed in order to determine more g#hcthe localization of these defects. Tomography
leads to a complete 3D reconstruction of the objbesed on a series of 2D TEM images acquired by
High Angle Annular Dark Field Scanning TEM (HAADFFEM) from different tilting angle§? An xy-
orthoslice of the 3D view of packed nanocubes iss@nted in Figure 2a. The presence of darker
regions, corresponding to the voids, is clearlyoles Such inversion of contrast compared to pnesio
TEM images (Figure 1a) is due to the HAADF signahjch is directly related to the sample thickness.
In order to extract quantitative information on gmran additional manual segmentation is perforihed.
Gray levels are segmented all along the recongrugblume in order to reveal the edges of the sube
and pores. After such treatment, 3D visualisat®robtained, pores being represented in light blue,
surfaces of cubes by a violet envelope (Figure,2Bupplementary Video 1). The presence of internal

pores is clearly attested, the defects being argelmajority (>90%) embedded within the cube.



The presence of internal defects within cubes rikesquestion of their formation and nature.
Below a critical size of 30 nm, no defects are olx=# while above, more than 90% of cubes exhibit
holes. A strong correlation between the latera sizcubes and the number of defects could be Heen,
bigger the cubes, the more defects are embeddgupléBuentary Figure S5). A kinetic study was
performed by monitoring the reaction, combiningnirprecursor with 1.5:2 eq. of acid:amine. This
reaction was equally distributed into 4 Fisher-Biotottles, let to react at 150°C for 2 h, 6 hh24nd
48 h respectively (Figure 1). Anisotropic nanomdes with mean lateral sizes of<)nm are observed
after 2 h of reaction. After 6 h, this anisotropltape is retained but facets start to appear. Szaiee
of cubes through edges leads to the presenceg#f tartapods (18 nnw, = 5 nm) and embedded pores.
Finally, after 48h, large and polydisperse poroubes (42 nmo = 25 nm) are obtained. This
monitoring, based on TEM images, seems fairly simtb the one previously reported with C16
surfactant$® Thus a similar growth mechanism, based on suceessicleation, growth-coalescence
and growth-ripening steps, seems to control théhewis of these cubes. Ripening appears afteraé h,
revealed by the faceting of anisotropic objectsagneement with the observation for C16 surfactants
However, coalescence does not end at the appeavaripening but last at least 24 h. Such variation
the coalescence step duration could explain therdiice in cube sizes (21 nm for C16, up to 80 oim f
C12) and the presence of defects embedded witkirtubes. The reason for that extent is not known
yet, but it could be linked to the difference i ttability of cube edges, due to a lower stemciance
for C12 compared to C16 alkyl chains. Though it wé difficult to conclude on the chemical species
trapped within pores, their size distribution, exted from the projected lateral size observed BylT
give some clues (Supplementary Figure S6). Indéxedmninimum pore size is above 4 nm, i.e. twice the
surfactant alkyl chain length. Since the defectsfarmed during a coalescence process, we propase t
the cavities are filled with surfactants, which Wwbaxplain this minimum size and the facets obs#rve

{100} faces being stabilized by acfd.



Magnetic characterization performed on raw powaérd K and 300 K reveals that these porous
nanocubes exhibit a magnetization of respectivaly @nd 216 Arfikge. close to the bulk value of bce-
Fe and are ferromagnetic at room temperatugel{p= 15mT, Supplementary Figure S7). The local
study of the magnetic behaviour of these cubesban performed by electron holography (BHff-
axis EH allows measuring the phase shift of thé{eigergy electron wave that has passed through a
material®* Since the phase shift is sensitive to electric magnetic fields in the sample, local magnetic
properties in nanoscale materials can be mappedlai/ing isolated the magnetic pdie nanocubes
observed have been deposited onto the TEM grideegmce of a 250mT magnet, generating a field along
[001] direction. As expected from the size of the object above ihglesdomain/vortex transition
(~28nm),**?°isolated nanocubes exhibit a vortex state (Supgheany Figure S8). Perturbations of the
vortex core are observed at the vicinity of poleg,the out-of-plane component of the magnetizason
still clearly observed. The induction state in ratging nanocubes could also be determined (Figure
Contrarily to the observation previously performed interacting 30 nm nanocub@syortices are
retained within each cube presenting defects. Saicheculiar magnetic configuration could be
reproduced by micromagnetic calculations (OOMMF&dd In order to address the stability question
of the vortices, we have compared the numericalkition obtained for defect free (Figure 3c) and
porous (Figure 3d) interacting cubes. Porous objeaeve been simulated by introducing voids within
the cubes. The lateral sizes and in-plane postiidhe defects were extracted from TEM images. Thei
height was extrapolated from a cubic shape sindalyniaotropic defects are observed by tomography.
Finally the out-of-plane position of the defectssvaabitrary taken within the cubes, equally distréul
apart from the median position. Since the positbrsotropic defects was reported as not affectimey
vortex nucleation field® we did not explore the effect of the z positiontba stability of the vortices.
While a flux closure state is observed for arrangets of defect-free objects (Figure 3c), vortices a
observed for porous cube as evidenced in the atedrinduction map (Figure 3d) and in the 3D

magnetic moment cartography (Figure 4). Thus, es@nce of internal defects, vortices become the

configuration of minimum energy, due to the overafluction of the exchange enefdy’ However,
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most of the results previously reported have beandled on permalloy nanodisks with single
lithography-defined defect of same thickness tham dbject?*>®In such cases, the vortex core is
stabilized within the void, resulting in the totéikappearance of the out-of-plane singularity, trus,

to an onion configuration rather than a vortex gpmftion. In our case, where multiple voids are
smaller and randomly distributed within the matsrighe vortex core is still observed within thées.

Thus, the detailed mechanism of vortex stabilizatould be more complicated and would benefit from
deeper investigations with cross correlated eleatraomography-holography measurements and

micromagnetic simulations.

In conclusion, a fine tuning of the growth enviraamh and the use of appropriate aliphatic surfastant
allowed us to synthesize quantitatively Fe nanosutimve 30nm and incorporating voids. The presence
of internal defects embedded within cubes has bbearacterized by electron tomography. These defects
have been for the first time evidenced as stabgizvortex magnetic states within nanoparticle
interacting assemblies. In this respect, we pravidgperimental proof for the potential interest of
metallic porous cubes as stable vortices structufé®se vortices are particularly important for
advanced fundamental studies and might eventuadigoine new building blocks for dedicated
applications (spintronics, magnetic recording, maedecine). Subsequent optimizations need however
to be undertaken, such as stabilizing defects wismaller objects, reducing the overall size disiper

of the Fe cubes and controlling their self-asseroblfarge 2D areas.
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SUPPORTING INFORMATION AVAILABLE: (1) Experimeat procedure (General synthesis, NP
characterization, Electronic Tomography and Holpgyaexperiments, Micromagnetic simulations). (2-
4) TEM images of nanoparticles obtained under wariexperimental conditions (ligands, temperature,
concentration). Characterization of porous cubeg5hy8) HRTEM (6) SEM, (7) TEM. (9) Magnetic
characterization of bcc-Fe porous NPs (M(H) at @ 800K); (10) Electron holography on a single
porous nanocube; (11) 3D map of the magnetic momiletained by micromagnetic simulation within

an assembly of porous nanocubes. A video of tharele tomography reconstruction is also available.
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FIGURE LEGENDS

Figurel: TEM images of a) porous nanocubes obtained @A 5nder 3 bars of Hvith an
acid/amine ratio of 1.5:2 with alkyl chain C12, ahd intermediate nanoparticles observed afte2hb)
c) 6h, d) 24h and e) 48h of reaction.

Figure 2 : 3D reconstruction of porous nanocubes obtairyegldctron tomography a) xy-orthoslice
through the 3D reconstruction; b) top view antatgral view of the 3D reconstruction, pores are
represented in blue while external envelope ottliges are in transparent violet.

Figure 3 : Electron holography and micromagnetic simulatiéar a compact assembly of 5 Fe
nanocubes. a) TEM image reveals the cubic struetutiethe internal defects within larger cubes. b)
Cosinus of the magnetic phase image corresponditigetmagnetic contribution to the phase shift with
14 rad isophase contours. Note the cylindrical sytnynof the magnetic induction flux line in theeler
larger cubes. Micromagnetic simulation (with bulls\f the in-plane inductioniie location and the
number of arrows are not related with the discraiian point$ for c) defect-free objects (visualized in
gray) and d) porous cubes. Dashed white boxea guide to the eye to indicate the lateral extedt a
the in-plane position of the defects.

Figure 4: 3D Visualisation of the magnetic moment within assembly of 5 Fe nanocubes. The
presence of defects within the three larger cubesgresented with blue boxes. The red surfacéagsp
the surface of spins withlz = 0.6 (we reduced the number of arrows for a betteralisation).
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