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Magnetic nanostructures often exhibit interesting shape anisotropies, which may provide new possible appli-
cations, depending on the geometry and the magnetic material with its magnetocrystalline anisotropy. Comparing
the pure magnetic materials iron, cobalt, and nickel, their anisotropy constants vary by approximately two orders
of magnitude, allowing for testing the effect of superposing shape anisotropies with different magnetocrystalline
anisotropies. Here we report on angle-dependent micromagnetic simulations of three different hexagonal-shaped
nanomagnets, prepared from iron, cobalt, and nickel. While usual hysteresis loops, mostly without steps, are
visible for nickel nanomagnets, cobalt results in a broad range of magnetization reversal processes with several
steps which vary during repeated simulations due to variations of the anisotropy axes in different grains of the
nanoparticles. Iron provides the best compromise between steps along the hysteresis loops which were proven to
be correlated with stable intermediate states, usable for quaternary or higher-order storage devices, and reliable
magnetization reversal processes even for sputtered samples with arbitrary anisotropy orientations in the single
grains. Our examinations reveal that for nanomagnets on dimensions of a few hundred nanometers, iron is the
ideal material not only for new magnetic data storage applications, but also for basic investigations of new and
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possibly technologically usable magnetization reversal processes.
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1. Introduction

Magnetic nanostructures are of high interest for basic
research of the interplay between magnetocrystalline and
shape anisotropy [1] as well as for a broad range of ap-
plications from biomedicine to data storage systems [2].
Recently, often magnetic nanofibers were investigated,
e.g. fibers with structured “nanotraps” which enabled
multiple magnetic states [3]. On the other hand, bent
nanofibers offer interesting magnetization reversal pro-
cesses [4, 5] and domain wall propagation modes [6, 7].

While single magnetic nanowires are often correlated
with the racetrack memory, using domain wall propaga-
tion for data storage and manipulation [8-10], the com-
bination of two or more magnetic nanowires allows for
creating quaternary and higher-order memory devices.
This idea is similar to the intermediate resistance states
recently found in Cu/cobalt ferrite/Pt sandwich struc-
ture which could also be used for multilevel resistive
switching [11].

Such open frames in square [12] or hexagonal shape [13]
from iron (Fe) were shown to exhibit one or more steps
along the slope of the hysteresis loop, often correlated
with stable intermediate states which can be used as ad-
ditional data storage state, enabling storing two or more
bits in one storage position. For other materials, such
as nickel, stable intermediate states do not necessarily
occur [14].
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Closed square Fe nanodots did not reveal such stable
intermediate states, either [15]. However, since closed
areas are easier to produce lithographically than frames
with thin “walls”, such nanoparticles would be of inter-
est for bit-patterned media and other applications if they
also showed more than the common two magnetic states
at vanishing external magnetic field. In addition, other
magnetic materials may offer new magnetization rever-
sal processes, such as triangular permalloy microparti-
cles which showed magnetization reversal either stepwise
or via an intermediate state, depending on the parti-
cle orientation [16]. Cobalt, on the other hand, was
found to exhibit different intermediate states for diverse
shapes [17, 18].

Here we report on micromagnetic simulations of
nanoparticles of three hexagonal shapes, modelled with
nickel (Ni), iron and cobalt (Co) to span a broad range
of magnetocrystalline anisotropies, investigated in depen-
dence of the in-plane angle of the external magnetic field.
In this way, an overview can be given under which con-
ditions the interplay between shape and material result
in stable intermediate states which may be used for new
storage devices.

2. Simulations

For the micromagnetic simulations described here, the
micromagnetic simulation program Object Oriented Mi-
croMagnetic Framework (OOMMF) was used [19]. For
the materials under examination, the original OOMMF
material parameters were adopted, corresponding to typ-
ical literature values [20-22]:
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o Ni: M, =490 x 103 A/m, A = 9 x 1072 J/m,
K; = —5.7x 103 J/m?,

e Fe: My = 1700 x 10> A/m, A = 21 x 1072 J/m,
Ky =48 x 103 J/m3,

e Co: M, = 1400 x 103 A/m, A = 30 x 10~'2 J/m,
K =520 x 103 J/m3,

where M, is the magnetization at saturation, A is the
exchange constant, and K; is the magnetocrystalline
anisotropy constant. It should be mentioned that Ni and
Fe have a cubic anisotropy while Co shows a uniaxial
anisotropy.

The fundamental equation for simulation is the
Landau-Lifshitz—Gilbert (LLG) consisting of the pre-
cessional and damping terms set at the temperature
T = 0 K. The measure of the damping is represented
by the phenomenological Gilbert constant. It should be
mentioned that while the saturation magnetization M
and the exchange constant A are of the same order of
magnitude for all three materials, the anisotropy con-
stant K7 is growing by approximately one order of mag-
nitude from Ni to Fe and from Fe to Co, suggesting a
significantly reduced influence of the magnetocrystalline
anisotropy in Ni nanoparticles, as compared to Fe, while
the magnetocrystalline anisotropy should be clearly dom-
inating in the Co nanoparticles under investigation. The
Gilbert damping constant « was set to 0.5 (quasistatic
case), and the mesh size of the elementary cube was equal
to d = 5 nm. To model sputtered systems without ther-
mal after-treatment, random anisotropy axes were cho-
sen, in the meaning of random distribution of the axis
orientations between cubes creating the meshed samples.
Maximum simulated magnetic fields were chosen between
100 mT and 1 T, depending on the material, always en-
suring that the saturation was reached, i.e. that magne-
tization reversal was completed.

Sample orientations were varied between 0° and 90°.
As a result, longitudinal magnetization components My,
and transverse magnetization components Mp are given,
referenced to the external magnetic field direction, as
usual, with M}, being parallel to the external magnetic
field and M7y being perpendicular to it.

The three different shapes under examination are de-
picted in Fig. la—c. The thickness was always chosen as
5 nm. To make the three shapes comparable, their areas
were calculated to be identical, resulting in the following
lateral dimensions of the rectangle covering the figures:

e equilateral: width 500 nm, height 500 nm
e rectangular: width 360 nm, height 785 nm
e concave: width 610 nm, height 530 nm

3. Results and discussion

Firstly, Fig. 2 depicts exemplary hysteresis loops (lon-
gitudinal and transverse) simulated for the equilateral
hexagon prepared from nickel. While for the 0° orien-
tation, the transverse magnetization My shows a broad
range in which it does not saturate, clearly broader than

(a) (b) (©)

Fig. 1. Shapes used for the simulations in this paper
(not drawn to scale): (a) equilateral, (b) rectangular,
(¢) concave.
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Fig. 2. Longitudinal (M) and transversal hysteresis
loops (Mr), simulated for the equilateral hexagon pre-
pared from nickel.

visible in M7y, both values are similar for the other an-
gles under examination. For 60° and 90° angles, steps
are visible along the slope of the hysteresis loop which
will be examined further below.

Changing the material from nickel to iron, Fig. 3 shows
broader hysteresis loops and more steps along the slopes
of the hysteresis loops. In all angles besides 30°, compar-
ing transversal and longitudinal hysteresis loops shows
that magnetization reversal is not finished when the lon-
gitudinal loop seems to be closed, i.e. the external mag-
netic field necessary for saturation is much larger than
the coercive fields.

This is also the case for the equilateral hexagon pre-
pared from cobalt, except for the 90° orientation (Fig. 4).
Here, the hysteresis loops become even broader, as could
be expected due to Co having the largest anisotropy con-
stant. In addition, the angles of 60° and 90° show even
more steps than the same shape prepared from Fe.

Next, Fig. 5 depicts exemplary hysteresis loops, sim-
ulated for the rectangular shape prepared from nickel.
While the 0° orientation shows a longitudinal hysteresis
curve which is nearly closed and could be misinter-
preted as superparamagnetic, the transversal curve shows
clearly a coherent rotation of the whole magnetization,
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Fig. 3. Longitudinal and transverse hysteresis loops,

simulated for the equilateral hexagon prepared from
iron.
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Fig. 4. Longitudinal and transversal hysteresis loops,
simulated for the equilateral hexagon prepared from
cobalt.

with the maximum values reaching 1, i.e. around van-
ishing external magnetic field, the magnetization is com-
pletely oriented perpendicular to the field. The same ef-
fect is visible for 30°, while the maximum magnetization
is slightly smaller for the 60° orientation and nearly van-
ishes for 90°, indicating that here domain wall processes
play a significant role.

For iron, the rectangular hexagon again shows sev-
eral steps along the hysteresis loops, for 0° again com-
bined with the effect that the longitudinal loop seems
to be closed at smaller external magnetic fields than the
transversal one (Fig. 6).

For cobalt, again even more steps are visible in all an-
gular orientations, as presented in Fig. 7. It should be
mentioned that some of them are too small to be of tech-
nological relevance since for such nanomagnets, it is al-
ways necessary to take into account small deviations of
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Fig. 5. Longitudinal and transversal hysteresis loops,
simulated for the rectangular hexagon prepared from
nickel.
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Fig. 6. Longitudinal and transversal hysteresis loops,
simulated for the rectangular hexagon prepared from
iron.

the shape due to the lithography process. This indicates
that stopping and reversing the external magnetic field
at a certain step is only possible if this step is broad
enough; else the different states at remanence may be in-
separable. In addition, it must be tested whether these
states are not only stable at remanence, but can also be
distinguished in a measurement.

For the concave hexagon, the simulations of nickel
again show clear broad transverse peaks and correspond-
ing steps in the hysteresis loops for all angles but 0°
(Fig. 8), indicating the possibility to use these steps for
quaternary data storage applications.

For iron, Fig. 9 shows unusual longitudinal and
transversal hysteresis loops, but not with significantly in-
creased numbers of steps, indicating that this shape may
be not favorable in comparison with both other nano-
particle shapes.



398 N. Dang Xuan, Ch. Dépke, T. Blachowicz, A. Ehrmann

1 1 | Angle: 30°
| ] —M,
/,// "
ol i
é 0 0
= Angle: 0°
b M
—M,
I Cobalt Cobalt
A Rectangular AF Rectangular
-50 -25 0 25 50 -50 -25 0 25 50
1| Angle: 60° 1+ Angle: 90°
M, M,
— W —M,
%) 0 — 0
s
s ﬂ_l
Cobalt Cobalt
-1 Rectangular -1 Rectangular
-50 -25 0 25 50 -50 -25 0 25 50
B (mT) B (mT)

Fig. 7. Longitudinal and transversal hysteresis loops,
simulated for the rectangular hexagon prepared from
cobalt.

Angle: 0° 1+ Angle: 30°
— ML - ML
_ MT _ MT —
0 )
—
Nickel J Nickel
-1 B

Concave Concave

—~

M/Ms
o

<

25 5

—

-50 -25 0 -25

1+ Angle: 60° 1+ Angle: 90°
ML Ml
—_—M, —M,
r"r |
Nickel
A

25 5

3
&
3
o
3

M/Ms
o

Nickel

L

Concave -1 Concave
-50 -25 0 25 50 -50 -25 0 25 50
B (mT) B (mT)
Fig. 8. Longitudinal and transversal hysteresis loops,

simulated for the concave hexagon prepared from nickel.

Finally, the concave hexagon prepared from Co
(Fig. 10) depicts several steps in the longitudinal and
the transverse hysteresis loops, offering several poten-
tially stable states at remanence especially for the angles
of 30° and 60°.

To visualize the differences between the three materi-
als, Fig. 11 shows exemplary magnetization reversal pro-
cesses of the rectangular hexagon under a field orienta-
tion of 90°. For nickel, only a small deviation from the
orientation of the external magnetic field (“vertical”) is
visible before magnetization is reversed.

For iron, this effect is much stronger pronounced. Here,
the final state before complete magnetization reversal
shows a strong meander, comparable to the horseshoe
state which can occur in open square frames and similar
nanoshapes.

Cobalt, on the other hand, behaves differently. Even
in the saturated case (left image), it is clearly visible that
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Fig. 9. Longitudinal and transversal hysteresis loops,
simulated for the concave hexagon prepared from iron.
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Fig. 10. Longitudinal and transversal hysteresis loops,
simulated for the concave hexagon prepared from cobalt.

the magnetization orientation differs in several small ar-
eas, arbitrarily distributed along the nanomagnet. With
reduced external magnetic field, some of these regions
— which are not clearly separated by domain walls —
become more dominant and integrate other, sometimes
smaller areas. Before the main step of the magnetization
reversal occurs (from image 3 to image 4), there are also
meander structures visible, but less structured than for
the Fe nanomagnet. It should be mentioned that here
still small areas are visible with the magnetization orien-
tation differing from the surrounding material. Magne-
tization reversal thus does not occur at once, as for iron
or nickel, but in several steps, as visible in the 4th image
in which most of the magnetization is switched, but sev-
eral areas are still oriented against the external magnetic
field which is now oriented from top to bottom. In the
last image depicted here, magnetization reversal is still
not completed; at the bottom corner a small area still
has to switch.
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Snapshots of key points of the magnetization reversal processes for Ni, Fe, and Co in the rectangular hexagon

for the external magnetic field oriented along 90°. Magnetization orientation sweeping from “up” to “down” (see inset
at the top). Color code: red — magnetization pointing to the right, blue — magnetization pointing to the left. The

full videos are available as supplementary material.

These images indicate that Co is not the ideal ma-
terial for nanostructures in the dimensions examined
here. The most interesting material for these dimensions
seems to be iron, while for thinner structures, cobalt can
be expected to show sufficiently high magnetocrystalline
anisotropy for an adequate interaction with the shape
anisotropy, as it is the case here for iron.

An overview of the aforementioned discrepancies be-
tween coercive fields Ho and fields necessary to reach
saturation Hgs,y is given in Fig. 12 for the three materi-
als and the three shapes under examination. In several
cases, the 0° orientation shows a large deviation between
Hg and Hg,i. In some cases, an additional maximum of

this difference is reached at angles slightly larger than
60°, apparently correlated with the shape anisotropy
of these hexagonal nanostructures. For Co, especially
the saturation fields depict strong fluctuations for sim-
ilar angles, indicating that for this material the mag-
netocrystalline anisotropy is dominating over the shape
anisotropy, as already expected from Fig. 11. This un-
derlines that for sputtered Co nanostructures of simi-
lar dimensions as examined here, the varying axes of
the magnetocrystalline anisotropy in the grains of the
single particles will reduce the reproducibility of their
magnetic properties and thus the possible applications
in data storage.



400 N. Dang Xuan, Ch. Dépke, T. Blachowicz, A. Ehrmann
¢
Nickel 200 Iron 1200F, Cobalt
401 Equilateral hexagon 1 Equilateral hexagon Equilateral hexagon
=t 150} | e {150} LS
[ . oHsar HoHse A
/= .
T 20} ]100F | . 4100+ o
Es . s r * o o o
. o . * N
FERN 50 - .. . ° 1 50r o* o o e
- . s o« '\\ -® S
(] i/ S "l—kl}«nn‘{.ﬁ:,: o -""'l—:,:,-—ir.i,.,’ "% e g aan 0 L e
0 30 60 90 0 30 60 90 0 30 60 90
Nickel 200 Iron 4200+ Cobalt
401 Rectangular hexagon 1 Rectangular hexagon Rectang:\ar hexagon
: = e 150} e o 1150} i
= o oty o HoHs, . o Hfsy
£
~ L 8 - F
= 2o} . | 100 . 100} o . .
Ei % o o
. ol ° 50} .
. 5 e 1 e, L . o
.,,.Jr:'. 4 aeas - . i, ._;r;_:= st . \. e -\. i - -\'/ .
olasn . L " . n n \ . . . .
0 30 60 90 0 30 60 90 0 30 60 90
Nickel 200~ Iron 1200 Cobalt
40 Concave hexagon 1 Concave hexagon Py Concave hexagon
—=—uH, 150 | e 1150} e . " HoHe
= HoHsa * toHgy Y o HHsy
£
Tl f, {100} . . {100t | 5 N
= e . L]
J
[ . 50 o 1 so0l SV
H""k T ® =4:,,.,|_=77:17 v eo® ° .7‘/. L . S . . " .\\.',:r:
oL . A B et | . ‘ .
0 30 60 90 0 30 60 90 0 30 60 90
Field angle (deg) Field angle (deg) Field angle (deg)
Fig. 12. Coercive fields uo Hc and saturation fields po Hsat, simulated for the three different shapes prepared from

the three different materials.
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ulated for the equilateral hexagon prepared from nickel.

On the other hand, the nickel and iron samples show
angular ranges with stable, predictable coercive and sat-
uration fields. Especially the angles in which both val-
ues do not differ too strongly — which would necessitate
too large writing fields — are of interest for a magnetic
memory, provided that the steps in the hysteresis loops
are correlated with stable intermediate states.

Tests of the stability of these possible intermediate
states were performed by starting the simulation at pos-
itive saturation, stopping the field sweep in the first
step, sweeping the field back to zero, going further
to the second step, back to zero, etc. Situations de-
picted in Figs. 2-10 without any steps in the longi-
tudinal or transversal loops were correspondingly not
investigated.

Figure 13 shows the results of the stability tests of the
equilateral nickel hexagon. For both angles, not all steps
are stable; partly the longitudinal or transverse loops
“‘jump” back into a former state before the magnetic field
vanishes.

More interesting results can be found for the same
shape, prepared from iron (Fig. 14). Here, e.g., the
90° orientation shows five states at remanence, i.e. four
states from magnetization reversal from positive to neg-
ative saturation and the first state of the way back from
negative to positive saturation.

In spite of the abovementioned expected problems, the
equilateral hexagon was also investigated for Co (Fig. 15).
Here it becomes clearly visible that the states are not sta-
ble, but seem to jump back to former states at arbitrary
external magnetic fields.

For the rectangular hexagon, nickel did not reveal any
steps in the hysteresis loops. For iron (Fig. 16), 0° and
30° orientations show more than one stable state at rema-
nence per field sweep direction, while a few closed loops
indicate that not all steps belong to stable intermediate
states.

For cobalt, more stable states are visible (Fig. 17);
however, comparing this graph with the actually iden-
tical situation depicted in Fig. 7 shows clear deviations,
underlining that this material is not reliable enough for
data storage applications using nanoparticles of the rel-
ative large dimensions examined here.
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For the concave hexagon, thus only iron was examined
with respect to the stability of the intermediated states
(Fig. 18). Again, not all steps are correlated with stable
intermediate states, but nevertheless several such states
are visible.
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Finally, the question arises whether it is possible to dis-
tinguish between the stable intermediated states, mak-
ing them really usable technologically. As an example,
Fig. 19 depicts the intermediate states simulated for
the equilateral iron nanoparticle. Here, the longitudinal
curve shows three very similar magnetizations, while the
transverse curve includes a value near zero which can-
not be used if both field sweep directions are planned to
be utilized to reach stable intermediated states. On the
other hand, it is known that measuring the magneto-optic
Kerr effect (MOKE) can be used to detect the magnetiza-
tion along all possible in-plane orientations [23]. Figure
19 thus depicts a series of graphs in which the detection
direction rotates from 0° (M) and 90° (Mr), respec-
tively, to 90° (M) and 180° (— M), giving an overview
of all possible measurements.

To interpret these graphs, it should be mentioned that
the single lines visible on the right side of the y-axis show
the magnetization for the magnetic field decreasing from
saturation, i.e. belong to the full hysteresis loop, and
have their counterpart in one of the lines on the left side
which is also part of the full hysteresis loop, while the ad-
ditional stable states at remanence are reached by minor
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loops. These stable states are ideally detectable if they
are well distributed over the whole y-axis. For 0°, e.g.,
three of the lines are very close at remanence, making
this angle not well-suited.

For 90°, another problem occurs — here, one of the
minor loops ends very near the coordinate origin. By
adding all minor loops with opposite sign — starting from
negative saturation — there will thus be two minor loops
ending near the coordinate origin which will not be easily
detectable.

Combining these two possible problems which can
make the definite identification of a state at remanence
complicated or impossible leads to the requirement to

have all states (including those not depicted here, stem-
ming from minor loops starting at negative saturation)
as broadly distributed as possible along the y-axis.

Following this series of measurement orientations, it is
clearly visible that a measurement orientation of 120°—
130° is well suited to detect the different stable states at
remanence unambiguously. The observation that a rela-
tively large angular range around 120°-150° is generally
suited for this purpose underlines that even in case of
expectable shape deviations in real samples, there will
be possibilities to use such systems for storing more than
only 1 bit. Generally, most cases will offer similar oppor-
tunities to distinguish between the stable intermediate
states and thus to use such nanomagnets as quaternary
or higher-order data storage systems.

4. Conclusion

Different hexagonal nanomagnets prepared from
nickel, iron, and cobalt were investigated by micromag-
netic simulations. While the nickel nanoparticles showed
simple magnetization reversal processes, often based on
coherent rotation of the magnetization, the strong mag-
netocrystalline anisotropy of cobalt prohibited reliable
magnetization reversal processes for sputtered samples,
i.e. nanomagnets with arbitrary orientations of the sin-
gle magnetic cells. For the sample dimensions investi-
gated here in the range of some hundred nanometers, iron
showed most promising numbers of stable intermediate
states which could be distinguished from each other un-
ambiguously. This makes especially the equilateral iron
hexagon an interesting nanoparticle for the development
of quaternary or higher order data storage devices.
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