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Abstract

Aiming at the achievement of stable, substantial remanences adequate to be exploited in stray field-
based applications, we report on the hysteresis behavior occurring in arrays of single crystal Fe
motifs, e-beam lithographed into prisms having triangular bases and different orientations of their
magnetocrystalline axes with respect to the morphological symmetry axes. From both experimental
and simulational analyses, we recognize the fact that the magnetization reversal processes of our
samples were mediated by motif-sized vortices. Their nucleation and annihilation fields and sites
within the motifs, as well as their field induced displacements are discussed‘in terms of.the
magnetocrystalline and configurational anisotropies as well as in that of the inter-motifs dipolar
interactions. From our data, we conclude that, reduced remanences as large as 0.85 (sufficing the
applications requirements), protected by nucleation fields of several tens of Oe, can be produced in
arrays where magnetocrystalline easy axes reinforce and partly compensate theeasiest and hardest
configurational ones, respectively. The angular dependence of the reduced remanence associated to
those anisotropies interplay corresponds to a symmetry reduction from the triaxial one linked to the
triangular morphology down to an effective uniaxial one. Also, we identify, in thQ:)articular case of
inter-nanoprisms distances being short in comparison with the motifs©base dimensions, a
contribution to the remanence enhancement originated by the dipolar interactions.
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Introduction

Nanomagnet arrays have a sizeable potential for the development of technological applications.in
fields such as spintronics, magnetic storage, sensors and high frequency electronic compohents.*®
To alarge extent, that potential is related to the considerable degree of hysteretic control achievable
through easily modifiable array parameters such as motifs morphologies and motifs lattice
symmetries and periodicities. The main requisite to implement in these arrays specificyoptimized
magnetic extrinsic properties relies on the understanding of the role played by the(different.energy
contributions governing their magnetization reversal mechanisms®. In particular, arrays of triangular
magnetic dots have been recently proposed to implement magnetically switchable devices, based
on hybrid superconductor/ferromagnetic bilayers, which use the ratchet effect to rectify the ac-
driven movement of superconductor vortices’. Magnetic nanomotifs with triangular morphology
have also been employed to design combined memory/logic gates devices'in whicche input bits are
defined through the magnetization state at two nanotriangle vertices while the output one
corresponds to the magnetization orientation at the third vertex®°. fhese applications operate on
the basis of the stray fields created by the nanomagnets at their remanent state, thus requiring as
large and stable as possible remanences.

In magnetic nanomotifs, the angular dependence of the enérgy of the extended, inhomogeneous
magnetic moment configurations mediating the motifs magnetizationireversal, generally known as
configurational anisotropy!!?, frequently dominates their reversal process (and those of arrays of
weakly interacting motifs). The configurational anisotropy is a.motif-size scale magnetostatic energy
(MSE) contribution to the total array energy ruled by the nanomaghets geometry (motifs shape and
size) and their magnetic properties (spontaneous magnetization, magneto-crystalline and/or other
anisotropies and exchange constant). Among the mentioned inhomogeneous magnetic moment
structures, one of the most ubiquitous is the vortex:configuration, a solenoidal moment structure
characterized by reduced global magnetization and.being very effective in order to reduce the motifs
magnetostatic energy: in the particular/case,of a nanodot the occurrence of an undistorted, centered
vortex is in correspondence with local moments parallel to the motif lateral surfaces (absence of
magnetic poles at those surfaces and of stray-fields outside the dot) and with configurational
isotropy'?18, Vortices, taking ‘place in the motifs size range intermediate between those
corresponding to the single and the multidomain regimes, nucleate when the applied field decreases
from saturating values down to the so-called nucleation field H,. Once a vortex is nucleated, and for
increasing applied demagnetizing fields (or, if nucleation occurs in the first quadrant, decreasing
magnetizing fields), its central’'core;moves across the motif, tending to get marginally stable under
close-to-zero applied fields/at a position usually located near the motif center. Importantly, thisis a
close-to-zero remanent magnetization state, not adequate for the implementation of stray field-
based applications. Finally, for increasing demagnetizing fields the vortex exits the nanodots at the
annihilation field Han,‘Which makes possible the approach to the negative saturation. The formation
of the vortices requires the easy orientation of most of the motifs moments along a broad range of
in-plane directions. This has'stimulated the analysis of the dynamics of the vortices in close-to-zero
anisotropy phases, as, paradigmatically, Permalloy.1%1° Different strategies have been employed to
gain control of the vortices critical fields and displacements and, through these parameters, of the
global motif reversal.7As for the feasible approaches for getting enhancement of the remanence,
they are based on the consideration of reduced symmetry shapes, such as those present in rods,
ellipses, trianglesiand edge-cut circular dots, in combination with the use of different orientations of
the magnetizing field?®?>. The effect on the nucleation and annihilation fields of the motifs geometry

is usually.convoluted with the array lattice symmetries and dimensions (e.g., inter-dots distances?>
27).

In_this paper, and aiming at obtaining significant remanences suitable for the exploitation of
nanomagnets arrays in stray field-based applications, we present an experimental and
micromagnetic simulational study of the interplay among the configurational and magnetocrystalline
anisotropies and inter-motifs dipolar interactions taking place in square arrays of nanomagnets
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patterned from single-crystal Fe films by implementing different orientations between their
morphological symmetry and magnetocrystalline easy axes.

Experimental and simulational techniques

Arrays of Fe nanomotifs were fabricated on epitaxial Au(001)/Fe(001)/MgO(001) films grown by a
combination of molecular beam epitaxy and pulsed laser deposition. The thickness of the Fe films
and of the Au capping layer were 25 nm and 10 nm, respectively. A detailed study of the structure
and crystallinity of the precursor films, carried out x—ray diffraction (including asymmetric.phi-scans)
and reflectivity, using both conventional and synchrotron radiation sources, confirmed their,single
crystal nature®2?8, This point was confirmed from the results of the measuremehnt of the in-plane
angular dependence of the ferromagnetic resonance which evidenced a very.well defined biaxial
symmetry.
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X

Figure 1. Scanning Electron Microscope image of arrays Al and A2 showing the orientation of the magnetocrystalline
axes (see text). The coordinate X and Y axes and'the angle 0 used throughout the paper are also shown_(A. Gomez et
al, J. Phys. D: Appl. Phys. 46 (2013) 095302).

N

Each engraved pattern consisted of a:lattice of nanoprisms with triangular bases (in the following
these motifs will named NTs, whereas the triangles at their bases will be named NTBs). NTs were
fabricated by electrombeam lithography following a procedure described in a previous paper®. The
reference axes we considered were in correspondence with an in-plane X axis oriented parallel to
the NTB bases andd@n in=plane Y axis parallel to the NTB heights (see Figure 1). The arrays unit cell
dimensions (see Table 1) of array Al (A2) were 775 (760) nm along the X axis and 750 (770) nm along
the Y one. In order to take into consideration weaker intermotifs interactions than those occurring
in arrays Aland A2, arsecond set of arrays (NI-A1 and NI-A2) was implemented with a distance
between neighboringdmotifs in array NI-A1 (NI-A2), of 1400 nm (1400 nm) along both the X and Y
axes. Also, andaiming at more clearly identifying the consequences of the configurational anisotropy
of thefnanomagnets, they were designed in arrays Al and A2 with isosceles shape, and,
consequently, <with a slight symmetry reduction with respect to the equilateral triangular
morphology. Namely, the NTs had lateral edges slightly shorter that their bases, and their dimensions
were in array Al (A2): base, 620 (585) nm, height, 480 (475) nm. In this respect, we recall the fact
that the configurational easy axes distribution occurring in our (isolated) isosceles NTs corresponds
to an easiest axis parallel to the NTBs bases (X axis) and two less easy axes, having larger energies
thanthe X one, and being directed parallel to the two NTB sides having equal length.
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Array Motifs base Motifs Unit cell dimension Unit cell dimension MAE
name (nm) height (nm) X axis (nm) Y axis (nm) easy
axes
Al 620 480 775 750 X
A2 585 475 760 770 +
NI-Al 600 520 1400 1400 X
NI-A2 600 520 1400 1400 +

Table 1. Arrays identifications and their corresponding motifs dimensions, motifs lattice parameters-along the X and
Y axes (parallel and perpendicular to the NTs bases, respectively) and magnetic anisotropy easy axes configuration
(see text).

The maximum energy (hardest) configurational axis coincides with the Y/axis and there are two hard
axes having lower energy than the Y one, oriented along the perpendiculars to the two NTB sides
having equal length.?>3% In the case of the reduced interactions arrays (NI"A1 and.NI-A2) the engraved
NTs had equilateral NTBs and the same dimensions in both arrays: 600 nm (base) and 520 nm
(height). The (in-plane) easy magnetocrystalline anisotropy energy, MAE, axes of the NTs,
corresponded to the [100] and [010] crystallographic directions, and were:oriented, in arrays Al and
NI-A1, by forming an angle of /4 with the X and Y axes, respectively (“x” configuration), whereas in
the case of arrays A2 and NI-A2 the MAE easy axes were directed parallel to the reference system X
and Y axes, respectively (“+” configuration).

The hysteretic behavior of the arrays was studied at room/temperature (RT) by means of a magneto-
optic Kerr effect (MOKE) set-up. The magnetization configurations associated to applying the field
along different (in-plane) directions were analyzed from the results of micromagnetic simulations
carried out using OOMMF3! (a code not incorporating any thermal effect and therefore providing
information corresponding to 0 K). Setsrof four NTs\with sizes and separations consistent with the
experimental ones and material parameters Wwalues corresponding to RT Fe3? (saturation
magnetization Ms 1.7 x 10° Am™, exchange constant A = 2.1 x 10*! Jm™ and second order anisotropy
constant K = 4.8 x 10*J-m3) weré simulated.

Results and discussion
N

The hysteresis loops measured in‘array Al (“x” configuration) by applying the field parallel to the X
and Y axes, are plotted in Figures 2 (a) and (b), respectively (solid symbols joined by lines). The insets
in Figures 2 (a) and (b)show the fielddependencies of the differential susceptibilities measured along
each loop demagnetization branch. For both applied field directions the differential susceptibility
shows two maximadn the second quadrant and, between them, a shallow minimum that in the loops
is associated to some degree of constriction. The measured loops exhibit modest-to-low remanence-
to-saturation, my, values: 0.6 for the field applied along the X axis and 0.3 for the field applied along
the Y axis. Thé micromagnetic data corresponding to these loops (continuous lines in Figures 2 (a)
and (b)) show that the simulations retain the main features of the experimental results. The loop
calculated with‘the field parallel to the X axis, plotted in Figure 2(a), is rather square and presents
two high susceptibility, demagnetization stages (occurring in the second quadrant) followed by a
lower susceptibility magnetization evolution towards the negative saturation occurring at a field
range'coincident with that associated to the highest field experimental differential susceptibility
maximum. The calculated remanence and coercivity are slightly above the experimental ones, which
can be linked to the absence in the model of defects (either morphological or related to the local
magnetic/properties), that could favor the vortex nucleation within the NT. Examination of the
magnetic moments configurations mediating the array A1 motifs demagnetization process allows to
identify the fact that the global reversal progresses, from the initial departures from saturation,
through the nucleation of a vortex-type moment structure, the vortex displacement and marginal
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stabilization near the NTB center, the vortex annihilation and the approach to the reversed
saturation. The associated moment configurations (being independent of the NT thickness
discretization) are summarized in Figure 3 in which the labels of the configurations correspond to
the labels in the loops in Figure 2 and the arrows below the NTs indicate the applied field direction
and approximate magnitude (no relevant differences between the magnetic moments
configurations obtained in the four motifs simulating the array were found in any of the considered
cases). For array Al and a field applied parallel to the X axis the vortex is nucleated at the NTB base
(label 3in Figure 3), moves to the NTB center (labels 4 and 5 in Figure 3) and leaves the motif through
the NTB upper vertex (label 6 in Figure 3). The remanent configuration (label’ 2 in Figure, 3)
corresponds to the fanning of most of the motif moments from and towards the vertices at the
extremes of NTB horizontal side, thus globally resembling a “C” shape. This is the known»buckle
configuration3%33,
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Figure 2. Array Al: experimental (symbols joined by lines) and calculated (continuous lines) hysteresis loops
corresponding to applied fields directed along the X axis (a) and Y axis (b). The labels in these figures correspond to
those tagging the moments configurations obtained from the micromagnetic simulations, shown in Figure 3. The
magnetization curves measured by applying the field along (a) the X axis and (b) the Y one, with the array in a remanent
State prepared after saturation with the field applied along Y and X axes, respectively, are plotted with open circles.
Insetsifield dependence of the differential susceptibility along the demagnetization branches of the experimental loops.
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For a field applied parallel to the Y axis the vortex is nucleated from a Y configuration3%33, a
moments structure symmetrical with respect to a line joining the base midpoint and the NTB apex
and corresponding to a fanning of the moments from the vertices at the NTB base towards its
apex, thus resembling an inverted “Y” (label 8 in Figure 3). Nucleation occurs at one of the.NTB
sides (label 9 in Figure 3), after which the vortex moves to the motif center (label 10 in Figure 3,
remanence configuration) and it exits the NT through the NTB vertex on the side opposite to-that
at which the nucleation occurred (label 11 in Figure 3). In the array Al Y axis field loops, the
calculated and experimental coercivities almost coincide but the total susceptibility obtained from
the simulation is clearly lower than the experimental one, as it can be seen in Figure 2(b). We
understand this result as a consequence of the fact that the vortex can be easily stabilized inthe
array Al motifs near the NTB center. The high vortex stability at that region is due,to the
characteristics of the configurational and MAE contributions to the motifs energy: the easy MAE
axes are close-to-parallel to the intermediate energy, hard configurational axes:, Thissrenders the
NT more isotropic than a motif exclusively having configurational anisotropy and it allows the
stable adaptation of the moments configurations to the global triangular morphology. As a
consequence, in absence of defects (as in the case of the simulated nanomagnets),/higher fields
are required to annihilate the vortices and saturate the motifs. S
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Figure 3. Array Al: magnetic moments configurations obtained from the micromagnetic simulations of the motifs
reversal process with the applied field oriented along (a) the X axis, and (b) the Y axis. The arrows in each configuration
indicate the applied field direction, sign and approximate magnitude. The field sequence runs from saturating positive
fields to saturating negative ones. The labels correspond to the (H, M) points indicated in Figure 2
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The hysteresis loops measured in array A2 by applying the field parallel to the X and Y axes are plotted in
Figures 4 (a) a (b), respectively (solid symbols joined by lines). Both loops evidence a global reversal
process taking place through two high differential susceptibility, irreversible stages. Also, both loops show
the occurrence, at the close-to-zero magnetization field range, of a well-defined loop constriction. The loep
measured by applying the field parallel to the X axis exhibits higher reduced remanence (m: = 0.85), lower
susceptibility at the remanence and larger total susceptibility than that measured by applying the field along
the Y axis (m: = 0.4). The reduced remanence obtained from both the experiments and the simulations is in
correspondence with the possibility of implementing by means of the considered array elevated.stray field
magnitudes at the vicinity of the array motifs (the field could reach ca. 17000 G atsthe motifs lateral
surfaces) as those required for the implementation of magnetostatic-based applications’?. The results
corresponding to the micromagnetic simulations of the hysteresis loops measured in array A2 are also
shown (continuous line) in Figures 4 (a) and (b) for fields applied along the X axis and Y_axis, respectively.
From the comparison of those simulational results with the experiment, it is possible to observe: i) that the
simulations reproduce, for both field directions, a global magnetization reversal mediated by, two large
irreversibilities and a close-to-zero-magnetization loop constriction, and ii) that coincidently” with the
experiment, a lower remanence is obtained for the loop simulated by applying the field along the Y axis
than for that calculated with the field parallel to the X axis. The configurations obtained-for the moment
structures at the remanences (label 2 in Figure 5 (a), for X axis field, and label 7 infFigure 5 (b), for Y axis
field) correspond to the buckle type (centered at a point below the motifsbase) and toa slightly distorted
buckle type (centered at a point located outside the NT and close to one of its'shorterSides), respectively.

Page 8 of 18
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Figure 4. Array A2: experimental (syhbo/s joined by lines) and calculated (continuous lines) hysteresis loops
corresponding to applied fields directed along the X axis (a) and Y axis (b). The labels in these figures
correspond to those tagging the moments configurations obtained from the micromagnetic simulations,
shown in Figure 5. The magnetization'curves measured by applying the field along (a) the X axis and (b) the Y
one, with the array in a remanent state prepared after saturation with the field applied along Y and X axes,
respectively, are plotted with open triangular symbols.

The high remanence measured along the X axis is a direct consequence of the large difference in
effective anisotropy energy between the moments directed along X and Y directions. Whereas the
X direction'corresponds to the easiest direction of the configurational and MAE contributions, the
Y axis istan easy. MAE direction but the hardest configurational one. The lack of compensation
between the hardest configurational axis and the associated MAE one results on the need of
spending a large energy value to take the moments apart from the X axis, towards the Y direction
and form thewortex. Concomitantly, the inter-NTs interactions would also reduce the energy of
the moments oriented along the X axis due to the occurrence at short distances along that
direction of poles of opposite sign in neighboring motifs’. Differently from this, for fields directed
alongithe Y axis, the inter-NTs interactions do not stabilize the remanence as much as along the X
axis since the larger inter-NTs distance (and the higher multipolar moment of the close-to-vertex
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poles densities) do not result on important magnetizing fields inside the first neighbor motif along
the Y axis’.

The moment configuration corresponding, in array A2, to the departure from positive saturation
and resulting from the lower demagnetizing field irreversibility is, for both applied field directions,
a vortex-like structure (adapted to the morphology at the NTs lateral surfaces, whére the
moments are directed significantly away from the surfaces normal directions in order'to both
minimize the pole density and spread the poles in a volume as large as possible)sThe vortex core
is nucleated inside the motifs at the H, field, (labels 3 and 8 in Figure 5, corresponding to (M,H)
points labeled 3 and 8 in Figures 4(a) and (b), respectively). In the case of a field applied. parallel
to the X axis, our simulations show that the vortex enters NTB at the midpoint of.its base whereas,
when the field is parallel to the Y axis, the point at which the vortex is nucleated corresponds to
the midpoint of one of the NTB lateral sides. The second irreversibility; occurringhat larger
demagnetizing fields, and taking the array to the approach to the negative saturation,{corresponds
to the displacement out-of-the motifs of the vortex core (vortex annihilation). In the field range
between H, and Ha.n,, and for increasing demagnetizing fields, the vortexsmoves from the
nucleation site towards the NTB center; it stabilizes close to that point'dueto the effective surface
pole and magnetostatic energy minimization resulting from the<‘centered solenoidal moment
structure (labels 4 and 9 in Figure 5, corresponding to (M,H) points labeled 4and 9 in Figures 4(a)
and (b), respectively), and it drifts away from that central position towards the annihilation point
to finally exit the motif upon increasing the demagnetizing field up to.Han./As can be seen in Figure
5, the vortex exits the motif through the vertex opposite to the nucleation site, irrespectively of
the orientation of the applied field.

As for the quantitative comparison of the experimental‘and sifhulated H, and Ha., values, our
modeling results yield, for the nucleation field, higher values and more collective behavior than
those experimentally measured. This fact is a econsequenceof the absence in the model of any
nucleation favoring defects (either morphological or related to the local magnetic properties).
Differently, the simulated vortices annihilation processes more closely coincide with the
experimental data, presumably due totthe nature of the moment configuration transition from an
off-center solenoidal one to a quasi-uniform orientation of the moments (globally involving
smaller moment orientation variations than the nucleation process).

The moment configuration at“remanence deserves attention. Micromagnetic simulations on
Permalloy have shown the possibility of the occurrence of both the “Y” and the “buckle”
configurations. Namely, the “Y” configuration has been reported to be only realizable in triangular
Permalloy dots under restrictive conditions (i.e. sharp corners and equilateral NTB sides having
lengths below 200 nm) 3%33_Regarding array A2, a question arises about the possible occurrence
of the “Y” remanence configuration when the field is applied parallel to the Y axis due to the fact
that the magnetocrystalline anisotropy has an easy axis along that direction.

Page 10 of 18
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Figure 5. Array A2: magnetic moments\configurations obtained from the micromagnetic simulations of the motifs
reversal process with the applied field oriented.along (a) the X axis, and (b) the Y axis. The arrows in each configuration
indicate the applied field direction, sigh and.approximate magnitude. The field sequence runs from saturating positive
fields to saturating negative ones..The labels correspond to the (H, M) points indicated in Figure 4.

However, the configuration.obtained from the micromagnetic simulations (label 7 in Figure 5 (a))
is clearly of the “buckle” type and it has associated a different-from-zero X component of the
motifs magnetization. In order to experimentally elucidate the moment configuration at
remanence actuallyroccurring in A2, we have implemented an applied field variation sequence
allowing to évaluate the saturation remanence as follows: i) the array is first saturated by applying
a field along the Y axis, after that the field is reduced to zero which takes the sample to the
corresponding remanent state, ii) the array is then rotated so as to align the field application
direction with the X axis and a magnetization curve up to saturation is measured. That curve is
shown in Figure 4 (a) (open triangular dots). The measured reduced remanence corresponds to a
value, of\ca. 0.5 in good agreement with the 0.48 value obtained from the micromagnetic
simulations’. The remanence configuration corresponds, essentially, to orientation along the X
axis for the moments in most of the NTB lower half and orientation along the Y axis for the
moments on the NTB upper half (label 7 in Figure 5 (b)). A different result is expected when A2 is
first saturated along the positive X axis and it is then kept in its remanent configuration. The
simulations (label 2 in Figure 5(a)) indicate that the moments near the base are almost parallel to
the X axis whereas those in the upper regions of the NTB point essentially up and down in the left
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and right regions of the motifs, respectively. As a consequence, the remanent magnetization of
the NTs should have, in this case, a null Y component. A field sequence similar to that previously
considered was applied to disclose the remanent moment configuration of the NTs after positive
saturation along the X axis. The array was rotated so as to align the Y axis with the field direction
and a magnetization curve up to saturation was measured. That magnetization curve is plotted
using open triangular symbols in Figure 4(b) and, as it can be seen, its starting point corresponds
to close-to-null magnetization, in agreement with the configuration obtained from the
simulations.

1,0

R
g2 AL

0,5

M/Mg

0,0

Figure 6. Array A2: Comparison of the annihilation processes observable along the X and Y axes after submitting the
array to full applied field loops (see text, data shown using.open symbols) and to half applied field loops (see text, data
shown using continuous lines)

To get further insight into the vortex nucleation and annihilation processes, “half loops”? were

measured in array A2 (Figure 6)/by i) starting at (positive) saturation, ii) applying a demagnetizing
field larger than the nucleation field:but smaller than the annihilation one and then iii) decreasing
the demagnetizing field to zeroand increasing afterwards the magnetizing one in order to take
the sample back to positive saturation. Our purpose by implementing this field variation sequence
was to compare the vortex annibi\lation processes observable when they take place in different
environments, such as those associated to the positive (half loop) and the negative (full loop)
saturations. As it can be seen in Figure 6, for fields applied along the X axis the annihilation event
associated to the half loop takes place at 280 Oe, approximately, whereas that corresponding to
the full loop occurs at about 370 Oe. According to our simulations, a vortex is nucleated at H, at
the midpoint of the.NTBs base and it then moves to the motif center upon application of slightly
larger negative fields. Once the demagnetizing field is reversed and increased to achieve positive
saturation, thegvortex is annihilated at a field (half loop annihilation) that is experimentally
different fromsthat associated to the annihilation process that would take place close to the
negative saturation (full loop annihilation). The difference between the fields required to
annihilate the vortexin these different environments clearly suggest that the points at which the
vortex exits the motif are different in the half and the full loops. More concretely, the smaller
annihilation field associated to the half loop indicates that, for that field variation routine, the
vortex does not annihilate at the NTB upper vertex (as our simulations results evidenced for the
fullrloop case),/but at a place where the local demagnetizing fields are lower than those occurring
at the vertices, as, for instance, the nucleation or center of the sides region. A different
annihilation behavior is observed when the field is applied along the Y axis (see Figure 6) since in
this case‘no differences between the half and full loops experimental annihilation field values
were observed (and the vortex displacement path should coincide with that already described for
the full loops, that is, the vortex is nucleated at one of the NTB sides, moves to the motif center
and annihilates at the vertex opposite to the nucleation site). This shows that either the
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implementation of morphological asymmetries or the application of fields along directions
different from the morphological symmetry axes allow the selection of the nucleation and
annihilation sites, as it has been reported in Ni polycrystalline NTs with similar sizes®® and in
asymmetric polycrystalline Co dots”24,

L) y—" T
()| ——A1

§U)
SO

1E

21000 =500 0 500 1000
H (Oe)

Figure 7. a) Comparison of the hysteresi\loops (field applied along the X axis) measured in arrays Al (solid symbols

joined by lines) and of array NI-A1 (continuous line). b) Comparison of the hysteresis loops (field applied along the X
axis) measured in arrays A2 (solid.symbols joined by lines) and of array NI-A2 (continuous line).

In order to identifysthe role.on the array reversal process of the dipolar interactions between
motifs, Figure 7 compares the X axis hysteresis loop measured in array Al (A2) with the equivalent
loop measureddin array NI-Al (NI-A2), the latter arrays integrating NTs having similar size than
those in Al (A2)but intersNT separation over twice that of the former arrays. As can be seen in
Figure 7, the loops measured in the weakly interacting NTs arrays are sheared so as to exhibit
larger saturation fields and a broader nucleation fields distribution. In the case of the close-to-
non-interacting.motifs, the reversal is essentially local without any collective element. The loop
shear/results from the distribution of local properties (morphologic and magnetic) influencing the
nucleation and annihilation processes. Interestingly, the global coercivity of both types of arrays
approximately coincides. This result is due to the fact that in both arrays types vortices mediate
the reversal process and that centered vortices are linked to close-to-zero motifs magnetization
and, therefore, to minimum inter-motifs interactions. Also, the presence in arrays NI-Al and NI-
A2 ofwertices exclusively originated by the motifs shape and effective anisotropy energy and being
susceptible of getting a stable position near to the motifs center, originates a very low remanence
in_comparison with that measured in the interactive NTs array Al (A2), where interactions
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contribute to a more collective behavior. Considering now the nucleation field experimental data,
Figures 7 (a) and (b) show that the nucleation process is shifted, in arrays Al and A2, to larger
negative fields than those associated to that process in the corresponding weakly interactive
arrays, NI-Al and NI-A2. The nucleation field of array Al (A2) takes place in the second quadrant,
between 27 Oe and 90 Oe (70 Oe and 130 Oe), whereas the nucleation fields of the weakly
interactive arrays are close to zero or even positive. This shift is understood as a consequence.of
the larger collectiveness of the demagnetization of these arrays which is mediated by the inter-
motifs dipolar interactions. It is important to remark here that it is expected that interactions in
the close-to-saturation field regions (as those corresponding to the remanence and nucleation)
could play a more significant role than in the field range corresponding to the<close-to-zero
magnetization, where vortices minimize very effectively the poles at the motifs sarfaces.»Finally,
the global annihilation field in A1 (A2), Han = 390 Oe (350 Oe), is lower than that measured inarray
NI-A1 (NI-A2), Han = 430 Oe (475 Oe), which indicates that the inter-NTs magnetostaticinteractions
make possible, similarly to the case of interacting magnetic nanoparticles and in agreement with
previously reported results obtained on nanodots®*, the occurrence of demagnetizing processes
involving several NTs. Despite this, no indications of collectiveness weré found.in our simulated
system which could be related to the highly anisotropic nature of the'interaction (more intense,
due to the motifs and array dimensions, along the X axis than along therY one*), and to the fact
that the reduced number of simulated motifs did not even allow to'implement a complete set of
nearest motifs neighbors.

90
1,0 1

0,8

M/M

0,4

)

0,2

)

0,0 4180

0 (degree)

—A— A1 —m— A2
—A— NI-A1 —— NI-A2

N

Figure 8. Angular dependence of the Saturdation reduced remanence measured along the X axis in array Al (solid red
triangles), array A2 (solid black squares), array NI- Al (open red triangles) and array NI-A2 (open black squares).

To analyze in further detail the/combined effects of the configurational anisotropy, the MAE and
the dipolar interactions between neighboring NTs we have measured the angular evolution of the
hysteresis parameters. Figure 8 shows (solid symbols) the angular dependence of the reduced
remanence, m,, obtainedfrom the hysteresis loops measured in arrays Al and A2. The reduced
remanences exhibit atwo-lobbed-type angular dependence (effective uniaxial symmetry), with a
minimum occurring at the Y axis direction (0 = t/2) from which it monotonically increases up the
close-tecequivalentimaxima observable in both arrays at the two X axis senses (0 = 0 and «). The
minimum at 0,2 1t/2 is clearly linked to the occurrence of a maximum in the arrays total energy
along'that direction (the Y axis). The origin of the uniaxial behavior should be related to i) the
reduced symmetry of the motifs, that incorporate isosceles NTBs with bases slightly longer than
their other sides, and for which the alignment of the motif magnetization along the base direction
has lowern energy than that corresponding to the magnetization alignment parallel to the other
motifiedges, ii) in the A2 array case, the coincidence of a MAE easy axis with the easiest
configurational one and iii) the inter-motifs interactions which, due to the shorter inter-NT
distance along the X axis (see Figure 1), favors the moments orientation along that axis (since, in
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array Al, a MAE hard axis partly compensate the easiest configurational one, the remanences are
in Al lower than in A2, even though the uniaxial symmetry is preserved in the former array due
to the NTs bases isosceles shape and the occurrence of inter-motifs interactions favoring the X
direction) . The data on the angular dependence of the reduced remanence corresponding te the
arrays NI-Al and NI-A2 is plotted in Figure 8 using open symbols. As it can be seen, the remangnce
of the arrays Al and A2 varies in a range between 0.3 M; and 0.85 M, whereas that of the.arrays
NI-Al and NI-A2 is clearly lower, varying between 0.15 Ms and 0.45 Msin plausible correspondence
with the occurrence of weaker interactions in the latter arrays. However, the uniaxial Symmetry
with hard axis along 6 = /2 is observable in the four cases, which strongly suggests that the origin
of the effective anisotropy symmetry corresponds to the coincidence of an easy configurational
axis with a MAE one with a smaller influence of the inter-NTs interactions®.
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Figure 9. Angular dependence of the annihilation field for a) arrays with the “x” configuration of crystal easy axes:
array Al (solid triangles) and array NI-Al (open triangles); and b) arrays with the “+” configuration of crystal easy
axes: array A2 (solidsquares) and array NI-A2 (open squares).

The annihilation processes involve a transition from an extended, non-homogeneous magnetic
moment ‘configuration to a close-to-saturated one, which implies a large increase in MSE energy
due, to the poles appearing (upon annihilation) at the regions close to the NTBs base and lateral
sides."As it can be seen in Figure 9 (a) and (b), the annihilation fields of the weakly interactive
arrays NI-Al and NI-A2 are, for most directions, larger than those of the corresponding interactive
arrays Al and A2. The symmetry of the angular dependencies of the annihilation fields measured
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in the NI-A1 (NI-A2) arrays is no longer uniaxial but quasi-triaxial and results from the convolution
of the biaxial in-plane symmetry linked to the MAE and the triaxial symmetry?% 30 associated with
the configurational anisotropy, with the prevalence of the latter over the former®. This last point
is clear from the annihilation field obtained in array NI-Al along the Y axis which is larger than,that
measured along that same direction in array NI-A2. In the array NI-Al two, configurational and
MAE hard axes, coincide along the Y axis, whereas in the array NI-A2 a configurational hard.axis.is
partly compensated by an easy MAE direction®®.

The angular evolutions of the annihilation fields of arrays A1l and A2 exhibit lower symmetries
than those met in the weakly interactive arrays. Array Al presents an absolute annihilation field
minimum when the field is applied along the X direction (coincident wijth theeasiest
configurational anisotropy direction and a hard MAE one) and an annihilation field maximum
when the demagnetizing field is applied along Y (a direction coincident with hard MAE and
configurational anisotropy directions). The annihilation field of array A2 increases when changing
the field orientation from directions parallel to the base of the NTBs (X axis) to directions close to
the Y axis, although with a more complex evolution than that found in Al i.e.: arrelative minimum
of the annihilation field appearing along the Y direction. That minimum could be related to the
lower magnitude (compared with the X axis reversal process) of .thevinter-motifs interactions
associated with the alternating negative and positive poles present in heighboring along the Y axis
motifs (highly inhomogeneous) demagnetizing fields.

Conclusions

We have shown how the occurrence of MAE in our singlé crystal Fe nanomagnets is linked to the
possibility of getting sizable remanence-to-saturation.ratios of.up to 0.85 and stray fields in the
immediate vicinity of the nanoelements fully appropriate to the impplementation of magnetostatic
fields-based applications. This result allows to identify array A2 as the most appropriate one for
the implementation of superconducting vortex.ac movement/rectifiers.

The elevated remanences we obtain result of the convolution (in order of prevalence) of a
configurational easy axis (with reducedrsymmetry from that corresponding to the regular
triangular morphology), of a MAE easy axis (“+” configuration) and of close-to-the-saturation
magnetizing interactions resulting from thesshort inter-motifs distances along the direction
corresponding to the configurational and MAE easy axes. The remanent moment configuration
corresponds to a buckle one stabilized, by the large difference in energy between the easy X axis
and the hard Y one. The demagnetization proceeds, at motif scale, through the vortex nucleation,
displacement, stabilization and\ annihilation sequence. There exist, however, a collective
contribution to the demagnétization, apparent from the obtained hysteretic parameters values
and the different annihilation fieldssmeasured with the vortices evolving under different field
histories.

Globally the effectiversymmetry associated to the remanence acquisition corresponds, both in
interacting and weakly interacting arrays, to the uniaxial type, differently from previous results
reported for Nirpolycrystalline NTs arrays!®?3. As for the vortices nucleation fields (largely
governing thesstability of the remanence), they are small or even zero in the case of the weakly
interacting /farrays where, the departure from the saturation is governed by the local motif
properties but increase, inthe interacting arrays, up to (useful for applications) values in the tens
of Oe range due.to the intermotifs interactions occurring in the close-to-saturation field region.

Finally, the angular dependence of the annihilation fields evidences the contributions of the
configurational anisotropy and the MAE. The interactions are again apparent from that angular
dependence of the annihilation field measured in the A1 and A2 arrays for which an approximately
uniaxial symmetry and a quasi-biaxial one are observed, respectively. The differences between
the behaviors of these two arrays are understood to be related to the large differences between
the poles distributions present at the X axis and Y axis pre-annihilation states and the stray fields
they originate.
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