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Abstract

The different spin configurations in the vicinityf the single-domain/vortex transition are
reported in isolated magnetic nanoparticles. By lomg chemical synthesis, electron
holography in a dedicated transmission electromasmpe and micromagnetic simulations, we
establish the “magnetic configuration vs size” ghdmgram of Fe single-crystalline nanocubes.
Room temperature high resolution magnetic mapsatethe transition between single-domain
and vortex states for Fe nanocubes from 25 to 27respectively. An intermediate spin

configuration consisting of an <111> vortex is floe first time evidenced.

Keywords: magnetic configuration, electron holography, vorteate, single domain state,

nanocube.

The magnetic configuration in a magnet of a givetume results from the minimization of
the total energy, involving magneto-crystalline smtiopy, exchange and magneto-static
energies. As a result, three typical magnetic gouméitions can be encountered in a magnetic
material at the remnant statg) a uniform arrangement of magnetic momeints, a single-
domain (SD) configuration (Fig. 1(a)ji) a vortex (V) state in which external spins rotete
achieve a flux closure, while in the vortex corgins tilt out-of-plane (Fig. 1(b)); anglii) a
multidomain state dealing with adjacent domaingange volumes. Well characterized in bulk
materials, the multidomain configuration is now sued in magnetic nanowires to benefit from
domain wall motion for data storage in the so-chlfeagnetic racetrack memorfeSWhile
single domain configuration is often optimized fapplications requiring hard magnetic

behavior, such as hard disk driv&sr permanent magnet§,vortex state is sought in biological



applications such as hyperthermia or drug delivéoy minimize the stray field around the
particle and thus prevent magnetic aggregation,n spin-torque vortex-oscillator devices for
microwave signal-processing applications.

In these contexts, one needs to evidence at roonpeature the single-domain limit
separating SD and V states. The determination & #ingle-domain limit in a single
nanoparticle has been largely investigated numérieand is predicted to be in the order of
several exchange lengthise. from 15 to 25 nm depending of the matet?a® Though spin
configurations were experimentally determined fifledént nanomagnets such as nanowirés,
nanocubes$®!® nanosphere®;?? faceted nanoparticlés,or nanoring$*2® no result has been
reported on the experimental determination of thigcal size, even for nano-objects with the
simplest geometries. This is mainly due to the tkahi sensitivity and resolution of existing
experimental techniques, which do not allow studyisolated nanomagnets of size close to the

expected transition. For instance, magnetic foréerancopy?®?’

and photoemission electron
microscopy?® which are classically used for magnetic thin filohgracterizations, display spatial
resolution of few tens of nanometers, far abovesthgle domain limit. Low-temperature spin-
polarized scanning tunneling microscopy with spa&aolutions of few angstroms has been used
to characterize vortex configurations in elongdfedslands of several hundreds of fivortex
states have also been studied in Fe nanocubesvefatdens of nm by off-axis electron
holography (EH) in a transmission electron micrggcq TEM), with few nanometers of
resolution®®*9

EH is a powerful TEM interferometric method whicbnsists on superimposing a highly

coherent electron beam that has interacted witbkgect and the surrounding electromagnetic

fields, called “object wave”, with a part of thensa electron beam that has not interacted with



any field, the so-called “reference wave”. The gsial of the resulting interference pattern (i.e.
the electron hologram) allows the extraction of piase shift between the reference beam and
the one that has interacted with the magnetic itidlndhrough the Aharonov-Bohm (A - B)
effect. The analysis of the magnetic phase imagwiges a quantitative mapping of the
magnetic field with a spatial resolution down teeamanometer. It is important to note that the
measured magnetic phase shift corresponds to agim) and an integration of all in-plane
magnetic field contributions along the electron hpaNumerical simulation are generally
necessary to take into account the two dimensipiogéction of the three dimensional field. (see
Supplementary information). Experiments have besfopmed on an EH dedicated TEM fitted
with a cold field emission gun to achieve a higlag# shift sensitivity, and a special corrected
Lorentz mode allowing a magnetic field-free samgri@ironment and a spatial resolution down
to 0.5 nm (see Supporting Information).

Studying the SD/V transition required a peculianpke preparation. Isolated nano-objects are
mandatory to prevent any influence of dipolar iat#ions on the magnetic configuration of the
object under study. Moreover, defect-free nanomisgmweth controlled and reproducible
magnetic properties should be sought to allow ateurmodeling and comparison with
experimental investigations. Finally, simple shaqgh as cubes, should be favored to control
the nano-object orientation once deposited at tilase. Indeed, in contrast to sphefesubes
can lay on a surface along one of their face, @inigrtheir crystallographic structure for TEM
observations and their magnetization for magnet&ging.

Single crystalline Fe nanocubes (NCs) were syrghdsiin solution following an
organometallic chemistry approach (details in thgo@rting Information). By varying the

experimental conditions, cube mean sizes were tineddeen 7 and 90 nfi.Magnetometry



performed on powders of NCs showed that, whatelversize, the Fe NCs exhibit the bulk
saturation magnetization @1°° Fe nanocubes of 27 + 4 nm were deposited on caghidrby
drop casting leading to assemblies of few NCs dawisolated NCs as shown in Figure 1(c-d).
High resolution TEM experiments confirm that thesmocubes exhibit a single-crystal body-
centered cubic bgc) structure with {100} facets and <100> edges, thtter being their
magnetocrystalline easy axis (Fig. 1(d), Supportiigg S1). AIL nm layer of iron oxide shell
(most likely FgOy), results from air exposition during sample transThe determination of the
specific shape and magnetic volume being of keyom@mce for accurate measurements of the
SD/V limit, the thickness (noted) of the NCs should be investigated. TEM images gimly
access to the lateral lengtres ) of the NCs, with about 1 nm accuracy in EH comfegion.
Therefore, we evaluated the squareness distributieined as/b ratio, and assumed a similar
thickness to length/a ratio to finally estimate the NC thickness. Squass distribution of 17%
(Supporting Fig. S1) led to a thickness estimatios (1 + 0.17)a. For comparison with
experiments, micromagnetic simulations were peréatnusing the 3D OOMMF packadf,
considering single crystalline Fe NCs with {001jcés using Fe bulk values for exchange,
saturation magnetization and magnetocrystallinesaaropy (details in the Supporting

Information). A 1 nm thick oxide shell was introdacusing FgO, bulk parameters.



50 nm

Figure 1. Schematic 2D view of (a) a single-domamd (b) a vortex spin
arrangement in a square magnetic element. (c) fimasgn electron microscopy
(TEM) micrograph of Fe nanocubes. (d) High resolutfEM micrograph of a

single Fe nanocube.

Several iron nanocubes have been studied by EHbseree the most probable magnetic
configurations. As the NCs have never been expasedny magnetic field, the measured
configurations correspond to virgin remnant staféree different configurations will be
detailed hereafter. Figure 2(a) and Figure S2 & 8upporting Information display the
holograms obtained for two different Fe cubes. Feg(b) shows the magnetic phase shift map
obtained on a 27x26x(27+5) fAimanocube after separation of the electrostatitritomion (see
Supporting Information). For such NC, the magnetiduction curls within the nanocube,
evidencing a vortex configuration whose core agiglong the [001] direction parallel to the

electron beam, referred to from now on as <001>texo(V<001>). To corroborate these



observations, micromagnetic simulations were caradiet on a corresponding NC of 29T,

i.e. a 27.8 nnt Fe NC surrounded with a 1nm sBg shell. Starting from a random spin
configuration, the simulation leads to a stable ¥k® state as shown in Figure 2(e). From the
calculated magnetization and dipolar field, thealtahductionB in and outside the NC is
obtained and further integrated along the electbeam direction,.e. the z direction. The
simulated magnetic phase shift image of Fig. 2¢d)hen calculated thanks to the Aharonov-
Bohm relation using the in-plane component8ddetails in Supporting Information). A very
good agreement between simulated and experimemalepshift maps is obtained, as evidenced

by the quantitative matching of the extracted pesf(Fig. 2(f)).
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Figure 2. Magnetic electron holograptray micromagnetic simulations of an isolated iron
nanocube of 27x26x(27+5) rim(a) Experimental hologram and (b) resulting maigne
phase shift map. (c) Cosine of the experimentatph@mage corresponding to the magnetic
induction flux lines (see Supporting Informatiod)he inset color wheel indicates the
direction of the magnetic induction. (d) Simulatedgnetic phase shift map calculated
from micromagnetic simulations (dashed box indisatee cube position). (e) 3D view of
the magnetization obtained at the equilibrium state simulated cube of 29.6n7 (27.5
nm® Fe core and a 1nm £, shell). (f) Comparison of experimental and simedgprofiles

along the arrows indicated in (b) and (d) (the iealtdashed lines indicate the cube



position).

Focusing on the uniform spin arrangement expecteldwb the SD/V limit, a NC of
24x26%(25+4) nthwas investigated by EH as shown in Figure 3. Bsailting magnetic phase
shift map with superimposed isophase contours p@rted in Figure 3(b) to evidence the
magnetic flux lines. While these lines are fairligaed within the cube, they tend to curl outside
in order to close the induction flux. At first siglsuch features could be characteristic of a SD or
a V state along the in plane [010] direction. Mioamgnetic simulations are then mandatory to
unambiguously distinguish between both configuratio Starting from a randomly spin
orientation in a cube of similar dimension, a S&tesis obtained (Fig. 3(e)). A [010] vortex state
is artificially stabilized numerically using a diitly reduced exchange constant for comparison.
The two profiles are then compared with the expenital one (Fig. 3(f)). The drastic difference
of amplitude clearly evidences that SD is experitaénobserved. A closer look at the vicinity
of the edges reveals that the magnetization flargs both on simulated and experimental
mappings (Figure 3(b-d)). Such an effect is dugh® inhomogeneity of the stray field and
makes this SD state usually referred as flowee&atur ! Signet non défini.Erreur ! Signet
non défini.Erreur ! Signet non défini.Erreur ! Signet non défini. Another example of the
experimental evidence of a SD-flower state is gisen in Supporting Information Figure S3 for
a 22x26x(24+4) nthcube. While a SD state has been previously repostéhin an isolated
faceted 50 nm diameter magnetite cryBiakur ! Signet non défini. it is the first time that a
SD-flower state is quantitatively and unambiguowshdenced in a single nanomagnet as small

as 25nm.
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Figure 3. (a) Electron hologram of a 24x26x(25+4) Re nanocube and (b) corresponding
magnetic phase shift map with 78 mrad isophaseoocosit(as for (e)). (c) Cosines of the
experimental phase corresponding to the magnetiaction flux lines. The inset color
wheel indicates the direction of the magnetic inguc (d) Magnetic phase shift map
calculated from micromagnetic simulations (dashes Imdicates the cube position). (
3D view of the calculated magnetization obtainedhat equilibrium state for a simulated
cube of a 24x26x24 rihfFe nanocube (22x24x22 frRe core surrounded with a 1 nm
Fe;O4 shell). (f) Comparison of experimental and simedhfprofiles along the arrows

indicated in (b) and (d) (the vertical dashed linedicate the cube position). For
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comparison, the dashed line represents the probkained for a vortex configuration

whose the core is aligned along the [01@ §) direction of the NC.

Figure 4(a) shows a hologram recorded on an inwiate NC of 25x27x(26+4) ninThe
extracted magnetic phase image presents a comateseipwhich cannot be directly interpreted
(Figure 4(b)). The micromagnetic simulation of aeuof similar dimension obtained after
relaxation of a randomly spin orientation leadsateomplex spin arrangement (Fig. 4(c)): its
projection along the cube diagonal reveals thatsspurl around <111> direction (Fig. 4(d)).
This complex configuration is therefore a vortexe ttore axis of which is aligned along the
diagonal of the cubes, referred hereafter as vortgk1> (<111> vortex). The calculated
magnetic phase shift map extracted from this sitedlapin arrangement is reported in Fig. 4(e)
and presents the same general pattern as its exgreal counterpart. On Fig. 4(f), a quantitative
comparison of linear profiles evidences a good egent between experimental and simulated
profiles and evidencing the sensitivity of the EHBM setup, even for such a weak phase shift

(less thanvs in the NC). A second example of a <111> vorgegiven in Supporting Fig. S4.

These experimental configurations and the size laiclwthey are observed have to be
compared with theoretical results. Considering wabes with uniaxial anisotropy, numerical
studies have shown that the single-domain limiasses SD and <001> vortex states without
the presence of an intermediate stteur! Signet non défini’Erreur! Signet non
deéfini.Erreur ! Signet non défini. Calculations on Fe nanospheres with a cubic awoigpt
proposed a hard-axis-oriented vortex as an inteatedtate for diameters between 25 and 40

nmErreur ! Signet non défini. The present data on single-crystalline Fe nancubecubic
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anisotropy demonstrate that the three SD, <111><@0d4> vortices are stable configurations. In
order to address more precisely the stability atheeonfiguration, we performed additional
micromagnetic simulations. We restricted our study Fe NCs exhibiting ferromagnetic
behaviour at room temperatures. for mean length above 15 nm, but with a size lothian the
domain wall width (64nm for Fe).

In a first approach, simulations were carried om NCs for which the initial spin
configuration, uniform SD or V<001>, was imposetheTresulting energies were calculated for
different NC sizes and reported in Figure 5 as ldud red lines for the SD and V<001>
respectively. Magnetic transition between SD and®k> should then occur at 27 ning.
around 11 times the Fe exchange lentgfi®E 2.4nm). SD minimizes the exchange energy for
small sizes, at the expense of magneto-static gneinich scales with the volume. In contrast,
V<001> minimizes the magneto-static energy but de@mdan increase of the exchange energy
due to the spin disorientations between “verticglins in the core and “horizontal” spins at the
cube periphery. When the cube size is reducededmiiveen neighboring spins from the center

to the periphery become larger and increase thieaege cost.
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Figure 4. (a) Hologram and (b) corresponding magrgtase shift map of a 25x27x(26x4)
nm’ Fe nanocube with 62 mrad isophase contours. (a)i®B of the simulated magnetization
in a perfect Fe nanocube of%6nT (24° nn?® Fe core with a 1 nm E@, shell) starting from
an initial random distribution of moments. (d) Rjon of (c) along the [11-1] direction of
the cube illustrating a vortex configuration withcare-axis parallel to the <111> direction,
i.e. one of the main diagonal of the cube. (e) Caledahagnetic phase shift map with same
isophase contours as (b) obtained from the sinmraif a 26 nnt cube (dashed box indicates
the cube position). (f) Comparison of experimemtatl simulated profiles along the arrows

indicated in (b) and (c) (the vertical dashed limeBcate the cube position).
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This first fairly simple simulation approach wastaborated by a second method into which a
random spin configuration is originally introduceRlelaxation of the spins leads to the stable
configuration and the corresponding energy is ptbts dots in Figure 5. Below 25 nm (above
29.5 nm), stable SD (V<001>) configurations areeobsd. This is consistent with previous
measurements of V<001> states in 30 nm Fe nanocfibessexpected, energies are identical for
vortices with [100], [010] and [001] core axis. Hotermediate sizes, between 25.5 and 29 nm,
simulations evidence <111> vortex as the most stafnfiguration, the four equivalent
directions [111], [11], [111] and [111] leading to similar energies. In this size randere they
are observed experimentally, V<111> have a lowerggnthan SD and V<001> configuration.
This can be understood with the following argumehe core axis aligned along a <111>
direction permits to accommodate along a NC diagotima spin disorientation between the
vortex core and its periphery. Thus the V<111>vedldbalancing exchange and magneto-static

interactions at the expense of the magnetocrystéadinergy which remains quite low in Fe.

— 3L e SD<001> 1
o 5 A Vortex <111>
o § B Vortex <001>
x 2t®
L ) 00
g \oreX
K%
O 1 1 T 1 1

15 20 25 30 35 40
Size (nm)

Figure 5. Calculated magnetic energy of ferromagnedbn nanocubes (including a 1nm

Fe;0O4 shell) as a function of the total cube size (rad§e40 nm). The energies were

calculated once the SD or V configurations wereclied. Comparison between random
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(dots) and frozen SD (blue line) or Vortex <001ed(line) initial states is reported.

Experimentally we evidenced SD, <111> and <001%exostates for cubes of roughly 25, 26
and 27 nm size respectively, confirming the sharpsequential transition between these three
configurations when increasing the NC size. The s@nge at which we observed each state was
however not as large as suggested by the phaseasdhagf Fig.5. Particularly, the V<001>
vortex of Figure 2 is not expected for the measiN€dsize of 27x26x(27+5) nintherefore we
compare it with the smallest calculated NC for vahi¢é<001> is the ground state (29.59m
This discrepancy might have several origins. Fihst,real nanocube thickness remains unknown
and only a combined use of high-resolution tomogysgnd HRTEM on a same NC could allow
refining the NC dimension and could be carried iaubur equipment. Secondly, the magnetic
parameters used for simulation are those deduamtd fnmacroscopic measurements on NC
assemblies and that correspond to the bulk onesseThialues are however mean values of a
given distributions and therefore the magnetic patars may slightly differ from one cube to
another. However the major conclusion is that, eWeslight deviations from bulk prediction
may occur, the quantitative comparisons betweenulsied and experimental profiles allow
determining unambiguously the presence of a givagnatic configuration. Thus, these results
demonstrate that the single-domain limit separaBiigand V states is effectively in the range
predicted by simulations using bulk magnetic patanse and, in addition, involves the

appearance of an intermediate spin arrangement.

Here we report the spin configuration phase diagremsize-controlled single iron

nanomagnets combining state of the art of magnetctron holography experiments and

micromagnetic simulations. High sensitivity imagiegplicitly reveals how three different spin
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arrangements can be stabilized within a 3 nm windewdencing the key importance of

nanometric size control of magnetic nanopartiddsteover, it gives a deeper understanding of
the single domain limit, which is more complex tharpected with the appearance of a
previously unreported <111> vortex state. Such asmeement opens the door to fine magnetic
control of nano-objects which will find applicat®nn fields as wild as spintronics devices,

information storage or hyperthermia.

Supporting Information

Details of the chemical synthesis of Fe nanoculstgjctural characterization, electron
holography experiments and analysis, 3D micromagrs#tnulations, histograms of nanocube
size and squareness ratio, additional experimevidiences of SD flower, <001> and <111>

vortices. This material is available free of chav@gethe Internet at http://pubs.acs.org.
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