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Tailoring dual reversal modes by helicity control in ferromagnetic nanotubes
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We investigate the effects of the competition between exchange (J) and dipolar (D) interactions on the
magnetization reversal mechanisms of ferromagnetic nanotubes. Using first atomistic Monte Carlo simulations
for a model with Heisenberg spins on a cylindrical surface, we compute hysteresis loops for a wide range of the
y = D/J parameter, characterizing the reversal behavior in terms of the cylindrical magnetization components
along the tube length. For y’s close to the value for which helical (H) states are energetically favorable at zero
applied field, we show that the hysteresis loops can occur in four different classes that are combinations of two
reversal modes with well-differentiated coercivities with probabilities that depend on the tube length and radius.
This variety in the reversal modes is found to be linked to the metastability of the H states during the reversal
that induces different paths followed along the energy landscape as the field is changed. We further demonstrate
that reversal by either of the two modes can be induced by tailoring the nanotube initial state so circular states
with equal or contrary chirality are formed at the ends, thus achieving low or high coercive fields at will without
changing y . Finally, the results of additional micromagnetic simulations performed on tubes with a similar aspect
ratio show that dual switching modes and its tailoring can also be observed in tubes of microscopic dimensions.
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I. INTRODUCTION

Magnetic nanotubes have gained increasing interest in the
last years from fundamental and technological standpoints
due to their double potential functionality arising from their
characteristic inner and outer surfaces [1,2]. Recent advances
in the experimental methods for fabrication of magnetic tubes
and decoration techniques currently allow one to synthesize
tubular and cylindric nanostructures by means of different
routes [3-8] with a high degree of control on their com-
position and geometry. The core-free aspect of the tubes as
compared to their filled counterparts or nanowires allows, in
principle, a fast reversal process with a coercivity that can be
controlled by changing the shape factor or the aspect ratio.
The variety of magnetic states that can be achieved in these
structures have been exploited in sensors, logical devices [9],
high-density magnetic memories [10], and even for magnetic
hyperthermia and drug release [11-13].

In such systems, vortex (V) and helical (H) states have
been predicted to occur theoretically by different methods
[14-23]. In particular, vortex states are relevant for magnetic
storage purposes since, being flux-closure configurations, they
do not produce stray fields, avoiding the consequent leakage
of magnetic flux spreading outward from the tube. Advances
in imaging and characterization techniques have made pos-
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sible the direct visualization of magnetic configurations in
individual nanotubes, confirming the formation of the above-
mentioned V and H states at different stages of the reversal
process [24-29]. Several studies have reported field-driven
magnetic-switching mechanisms of individual nanotubes hav-
ing typical lengths in the range from 0.5 um to some tens
of um, radii from 100 — 500 nm [30,31], and thicknesses
from 10 — 70 nm [27,28,32,33], with enough resolution to
distinguish the nucleation of different states during reversal
and the propagation of domain walls. Recent studies have
shown that it is even possible to register hysteresis loops of
a single-molecule magnet (SMM) [34].

Given the length scales of real tubes, theoretical under-
standing of this subject has been gained mainly by us-
ing micromagnetic simulations [35]. Apart from these, an-
alytical calculations based on continuum approximations
[16,17,36—41] have also succeeded in describing the main
phenomenology. Other theoretical methods [42,43] or simu-
lation techniques [44—47] have also partially addressed these
issues. However, most of the mentioned works focused on the
influence of geometric parameters of the tubes or wires on the
reversal mechanisms for a given material and the possibility
to explore the range of material parameters for which certain
reversal modes can appear has not been exploited so far.

Therefore, the objective of the present paper is to study
how the competition between the two main competing en-
ergies (given by the parameter y = D/J, the ratio of dipo-
lar (D) to exchange (J) interactions between spins) may be
used to tune or induce certain reversal modes when a mag-
netic field is applied along the nanotube axis. Differentiating
from most of the above-mentioned works, we use both a
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micromagnetic approach as well as an atomistic Monte Carlo
(MC) lattice model, performing simulations of hysteresis
loops for certain representative geometric parameters of the
tubes and considering values of y within a range that can be
relevant to real materials. An atomistic approach allows us to
tackle finite-size effects, besides the accessibility to systems
at a nanoscopic level of a few nanometers where discreteness
becomes relevant, different from the micromagnetic approach
where solution of the equations demands the consideration
of a continuum model. Additionally, the consideration of a
range of y values allows us to mimic a family of tubes
with either different values of J or i or the nearest-neighbor
distance, which can in principle be tailor-made. The effect of
geometrical parameters like the aspect ratio is also considered.
We discover that for a certain range of y’s, dual reversal
modes of low and high coercivity appear as a consequence
of the metastability of helical and vortex spin configurations
formed during the first stages of the magnetization switching.
The same phenomenology is also investigated for FeCo tubes
at a micromagnetic level. In both cases, the chirality of helical
and vortex spin configurations is a key factor to understand
the two reversal mechanisms.

The rest of the paper is organized as follows: In Sec. II, we
present the model and physical insights involved in the MC
and micromagnetic simulations. In Sec. III, methodology and
computational details are presented. In Sec. IV, we start by
analyzing the results of the MC simulated hysteresis loops,
we show a procedure to tailor the different reversal modes,
and end up presenting micromagnetic simulation results that
demonstrate that a similar phenomenology can show up in
FeCo tubes with sizes of tens of nanometeres. We finish
with a discussion about the relevance of these results as a
mechanism for coercivity enhancement and we present the
main conclusions.

II. MODEL
A. Monte Carlo simulation

As it concerns the MC simulation approach, a single-
spin flip Metropolis dynamics and a three-dimensional (3D)
classical Heisenberg Hamiltonian were implemented. The
Hamiltonian reads as follows:

H :Eex+Edip +EZ» (l)
where E. stands for short-range exchange coupling between
3D classical Heisenberg nearest-neighbors spins (S, Sy, S;),

Ey = — ZJij§i -S;, 2)
(i,J)

being J;; = J > 0 the ferromagnetic (FM) exchange constant.
This constant was fixed at 10 meV, a typical value of FM
systems.

The second term Eg;, is the long-range magnetic dipolar
interaction given by

Si S =38 - #)(S; -7
Edip=DZ< =20 r’)), 3

|71

i<j
where 7;; is the relative vector between i and j positions and
summation is over all the sets of pairs (i, j), taking care to

count pair interactions once. Making explicit the fact that
the pair distance vector can be considered as a multiple of
a minimum distance a between nearest neighbors, which can
eventually coincide with a lattice parameter, depending on the
type of system, we can define an atomistic dipolar coupling
strength parameter in energy units as
_ Hon?
 dmad’

“

with ©o and u being the vacuum permeability and the mag-
netic moment per spin, respectively. Thus, we can define the
dimensionless parameter y = D/J to quantify the degree of
competition between long-range and short-range interactions.
In this paper, y was set to vary between 0.01 and 0.07, for
which circular states (V and H) can appear [23] and therefore
it is expected that competition plays a relevant role on the
magnetization reversal mechanisms.

Finally, E7 is the Zeeman interaction of the spins with a
uniform external field H applied along the main axis of the
tube, given by

Ez=—ZM§i'ﬁ- %)

B. Micromagnetics

This approach was employed to simulate tubes of some
tens of nanometers, i.e., one order of magnitude greater
than those simulated atomistically via MC. Both zero tem-
perature and finite-temperature micromagnetic simulations
were performed. For the latter, a thermal solver to the
Landau-Lifshitz-Gilbert (LLG) equation was employed. Mag-
netostatic, exchange, and Zeeman energies were consid-
ered. The LLG equation, accounting for the magnetiza-
tion dynamics of the system, was solved by using both
a finite-difference method based on the object-oriented-
micromagnetic-framework (OOMMEF) [48],

-

dM
dr

lyiela

= —|y1eIM x Her — M x (M x He),

where M is the magnetic moment per cell, y;; and o are
the gyromagnetic ratio and the Gilbert damping parameter,
respectively, whereas ﬁeff is an effective field that represents
all the generalized forces acting on every magnetic moment.
Temperature is included in the effective field through a fluctu-
ating or stochastic term g, for which a Boltzmann distribu-
tion is assumed for the spin ensemble and the stochastic field
is modeled as white noise. The variance of the fluctuating field
is given by

2 o ZkBT

o} =—— "=
fwe T+ 02 y MGV

In particular, we examined hysteresis loops and the time evo-
lution of the magnetization at a temperature 7 = 4 K. Loops
were repeated for different values of the random number
generator used to generate the stochastic thermal fields. We
obtained also equilibrium magnetic configurations using the
zero-temperature minimization driver.
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III. METHODOLOGY AND COMPUTATIONAL DETAILS
A. Monte Carlo simulation

Single-wall nanotubes were modeled as shown in a pre-
vious work [14] by rolling a square lattice along the (1,1)
direction to get a zigzag-terminated 3D tube with symmetry
axis along the z direction. We demonstrated in Ref. [23] that
such spatial distribution of spins possesses a lower dipolar
energy than that of a columnar stacked realization.

Tube dimensions are determined by the pairs (N, N;), N
being the number of spins per layer and N, the number
of layers accounting for the height or length of the tubes.
In particular, tubes having dimensions (8,20), (8,15), (8,14),
and (8,8) were considered, with aspect ratios given by the
quotient NV;/N. Length and radius are given, respectively, by
I = (N, — 1)v/2a/2 and R = v/2Na/(27) [23].

We have conducted standard Metropolis MC simulations
to obtain the hysteresis loops at a fixed low temperature 7 =
0.1J/kg by cycling the magnetic field in constant steps §H
between 0.02 and 0.1, depending on the field region, while
performing thermodynamic averages of several components
of the magnetization and its rotational. Since thermodynamic
states in the hysteresis loops are not strictly equilibrium states,
up to 100 different runs per loop were performed to carry
out configurational averages with the corresponding error bars
calculations. The maximum number of MC steps (5 x 10%)
and those discarded for thermalization (3 x 10%) were kept
fixed for all the hysteresis loops.

As already proposed in our previous work [23], to ana-
lyze the texture of noncollinear spin configurations during
reversal modes, more concretely V or H states, we use
also the vorticity order parameter defined as a discretized
version of the curl of the magnetization p = VxM , that
quantifies the vorticity, helicity, or degree of circularity of
the magnetic moments (similar to a toroidal moment [49]).
Chirality can be characterized in terms of the sign of the
azimuthal component of the magnetization mg. Intermediate
configurations attained during the reversal process of the
hysteresis loops are tracked by expressing magnetic moments
in usual cylindrical coordinates [23] that are better suited
to describe V and H states. Thus, at every spin site 7; =
(Rcos ¢;, Rsin ¢;, z;), where R is the tube radius and ¢; is
the respective azimuthal space coordinate, a local reference
frame was considered so the spin vector components read S; =
(8%, Sg;5 Sp;) = (cos B;, sin§; sin ¢;, sin 6; cos ¢;) (see Fig. 1
for angle definitions). Therefore, a full characterization of spin
configurations during the switching modes can be obtained
both by plotting the average polar angle () and the my
component per layer for each z value along the entire length
of the tube.

B. Micromagnetic simulations

To investigate both the hysteretic behavior of tubes with
greater dimensions and their associated reversal modes, we
consider FeCo tubes having an internal diameter of 15 nm,
an external one of 21 nm, and a height of 52.5 nm, with an
aspect ratio very close to that of a (8,20) tube were considered.
Simulations were performed considering magnetostatic, ex-
change, and Zeeman energies with material parameters close

FIG. 1. Local reference frame at a spin site where the magnetic
moment is given by S;, showing the coordinates to describe magnetic
configurations, with 6 and ¢ the polar and azimuthal spin angles,
respectively.

to that of FeCo, i.e., stiffness constant A = 1.08 x 107! J/m,
saturation magnetization M, = 1.83 x 10% A/m. The smallest
mesh size was set at 1.5 nm, below the exchange length of the
material.

IV. RESULTS

A. Hysteresis loops from MC simulations

In our recent work [23], we established phase diagrams for
the zero-field equilibrium configurations for nanotubes with
competing exchange and dipolar interactions depending on
the value of y and geometric characteristics of the tubes.
In particular, independently of the tube length and radius,
at low y, we found FM ground states along the tube axis
while, for large enough y, V states were found to become
stable. Interestingly, for a range of y around a critical value y*
that depends on the geometric parameters of the tubes, states
H with helical order appear. Therefore, since it is possible
to stabilize circular states in tubular structures from which
a switching mode can be initiated, it is expected that the
magnetization reversal mechanisms of the nanotubes under
the application of a magnetic field depend on the y value. To
study this, we first simulate low-temperature (7T = 0.1J/kg)
hysteresis loops for several values of y, taking as a reference
a (8,15) tube, for which we found y* >~ 0.035 [23]. The results
of calculated hysteresis loops averaged over 30 runs, in which
the initial random-number-generator seed was changed, are
shown in Fig. 2 for some selected values of y.

For low y values, when exchange interaction is dominant,
the tubes behave as collinear ferromagnets reversing their
magnetization coherently. Hysteresis loops exhibit a high
degree of squareness and appreciable but low values of the
vorticity only around the coercive fields. On increasing y, the
coercive field diminishes as a consequence of the spin canting
induced by dipolar interaction at the tube ends, where nucle-
ation begins, which facilitates the spin reversal. Even though
the shape of the hysteresis loops in the range y < 0.03 is
qualitatively similar, suggesting that the reversal mechanisms
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FIG. 2. Low-temperature hysteresis loops averaged over 30 dif-
ferent runs for six different values of y for a (8,15) tube with the field
applied parallel along the tube axis.

are preserved, microscopically some differences progressively
emerge as indicated by the increasing height of the (|p[)
peaks near the coercive fields in Fig. 3(a). This indicates the
appearance of intermediate circular magnetic states during
the switching process, close to the coercive field. For values
of y &~ y* =0.035 for the (8,15) tube, the averaged loops
become asymmetric and regions with considerable error bars
appear progressively, pointing to variations in the inversion
modes from run to run. Bigger error bars are linked to a
higher metastability of the H states that can be formed at
intermediate states of the reversal process for this range of
y’s, as mentioned before. To elucidate the origin of these
features, 100 additional different runs were performed for
y = 0.035 by changing the initial seed each time. Results
shown in Fig. 4 reveal that all the hysteresis loops without
exception, and under the same simulation conditions, fall into
four well-defined categories or paths with different proba-
bilities of occurrence. A more detailed analysis allows us
to identify the occurrence of two different switching modes
along the decreasing or increasing field branches, namely,
one with lower coercivity (Q1) and another with higher

1.0
(a) —— y=0.010
—+— y=0.020
0.8 —— 7=0.030
0.6
Q
0.4
0.2
00510 -5 0 5 10 15
H. (T)
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0.6
Q
0.4
0.2 R
PAF/ BB RN

15 -10 -5 0 5 10 15

FIG. 3. Same as Fig. 2 but for the average magnitude of the
rotational of the magnetization (|7|).

coercivity (Q2). Thus, the four classes of hysteresis loops can
be categorized by combinations of them. Two classes (Q1 —
01, 02 — Q2) correspond to symmetric loops [see Figs. 4(a)
and 4(d)], while for the other two (Q1 — 02, 02 — Q1), cycles
are asymmetric, resembling those found in exchange-biased
systems. Their respective probabilities of occurrence are 86%
(@1 = 01), 11% (Q1 — 02), 2% (02 — O1), 1% (02 — Q2);
while the total probabilities per mode or branch are 92.5% for
Q1 and 7.5% for Q2.

In the Q1 mode, the inversion is nucleated through the
formation of H states with the same chirality at the tube
ends (see snapshot 1 in Fig. 5, left column). Due to this, the
magnetization switching proceeds in a completely coherent
fashion through a gradual rotation of the angle 6 at both
tube ends, reaching a state at remanence (snapshot 2) that
corresponds to an almost perfect vortex.

The formation of this H state and its gradual transition into
a vortex is responsible for the low associated coercive field.
This behavior is confirmed by the profiles shown in the upper
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FIG. 4. The four possible paths followed when a (8,15) nanotube
with y = 0.035 is submitted to a hysteresis loop starting from
different seeds of the random number generator. The four scenarios
are labeled according to the reversal modes followed along the
decreasing-increasing field branches as (a) Q1 — Q1, (b) Q1 — 02,
(c) 02 — 01, (d) Q2 — Q2, respectively.

left panels of Fig. 5, where for stage 2, the values (6) =~ 90°,
(m;) ~ 0 and (my) ~ —1 are attained.

Unlike this, in the Q2 mode, reversal is started by the
formation of H states having opposite chiralities at the tube

Q) Decreasing (8,15) 0, Decreasing (8,15)

—— | —_—— 2 —_— 3 —— 1 —_—— 2 — 3

e0180 20180
Lo Tl
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FIG. 5. Magnetic configurations along the hysteresis loops for
the different reversal modes displayed in Fig. 4 (left and right
columns correspond to panels (a) and (c) of that figure). Upper panels
represent the height profiles of the quantities (), (m;), and (<my)
averaged per layer for the tube (8,15) and y = 0.035, whereas lower
ones present snapshots of the spin configurations taken at points
labeled in Fig. 4.
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FIG. 6. Dependence of the exchange (a) and dipolar (b) energies
of the (8,15) nanotube on its magnetization for the configurations
attained along the decreasing field branch of the hysteresis loops
shown in Figs. 4(a) and 4(c) (green and blue symbols, respectively)
corresponding to seeds 1 and 3, respectively, in the figure.

ends as can be observed in snapshot 1 in Fig. 5 (right column).
As the reversal progresses, H states propagate by forming
two domains with opposite directions connected by a domain
wall (stage 2 in the right column panels of Fig. 5). This
fact is confirmed by the positive and negative values of the
mg component close to 1 and —1, respectively, as shown
in the respective profiles of the right panels of Fig. 5. The
confrontation of opposite chiralities in the central region of
the tube makes the system magnetically harder and, therefore,
a higher coercive field is obtained.

The occurrence of different paths for reversal can be
enlightened by studying the variation of the exchange and
dipolar energies along the decreasing field branches of the
hysteresis loops of Figs. 4(a) and 4(c). Such variations are
shown in Fig. 6 as a function of the corresponding magnetiza-
tion. For path Q1, while going from saturation to the coercive
force, the dipolar energy decreases in a continuous fashion at
the expense of an increase in exchange energy, explaining the
formation of a V state at a coercive field H. ~ 1.7 T. On the
other hand, path Q2 is characterized by an excursion through
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intermediate states with higher energies and this explains the
lower probabilities of occurrence compared to those of path
Qol.

Both in Q1 and Q2, reversal starts with identical decrease
(increase) of the dipolar (exchange) energy. Differences be-
tween paths initiate near remanence with a total average
(m;) ~ 0.8, from where the Q2 path drives the system through
a state with (m;) =~ 0.5, characterized by a local minimum in
Egip above the corresponding energy for the Q1 path. Near the
coercive force, i.e., (m;) = 0, the Q2 path displays an abrupt
decrease in both ¢, and &g, ascribed to the formation of a
domain wall connecting H states of opposite chirality. During
switching, a confrontation of H states that propagate from
the ends takes place in the central region of the tube. One
of the H states leaves at the end where it was nucleated and at
some point it is followed by the other H state (see snapshot 3
in the right column of Fig. 5).

It is worth mentioning that when dipolar interactions dom-
inate over exchange (y > y*), as can be seen in Fig. 2(b),
the averaged loops become more tilted with higher closure
fields. This is a consequence of the formation of almost
perfect V states at remanence, which for this range of y’s
are the minimum energy configurations [23]. Two possible
reversal modes are also found in this range, again depending
on the formation of states at the ends with equal or opposite
chiralities in the early stages of reversal. However, now one of
the modes (Q1: low coercivity) has a negligible coercive field
(not shown) and it corresponds to the formation of states for
which vorticity varies monotonically with a maximum close to
1. In contrast, the high coercivity mode (Q2) is characterized
by greater values of the coercive field compared to those of
their low-y counterparts.

B. Tailoring reversal modes

To verify the reproducibility of the paths observed in the
Q1 and Q2 modes, we have examined the possibility to induce
the magnetization reversal by either of the two modes in
a controlled manner by preparing the tubes in two initial
configurations near the remanence. Such as-prepared states
consist in a central region where spins are aligned along the
tube length ((0) = 0°, (m;) =1 and (my) = 0) and a helical
order in the last two layers at both ends of the tube. In
one case, the two ends have the same chirality [(#) = 45°,
(m;) = cos(45°) and (mg) = —sin(45°)], i.e., with the same
sign of (mgy) at the ends, and in the other case, opposite
chiralities are manufactured, i.e., ((8) = 45°, (m;) = cos(45°)
and (mg) = £5sin(45°)). Due to the cylindrical symmetry,
both states result in the same total magnetization [{||) =
(m;) =0.92, (m,) = (m,) = 0] and the same energy ((E) =
—4.5meV per spin).

These initial states were then allowed to evolve under
the same conditions along the decreasing field branch of the
hysteresis loop. Results are shown in Fig. 7 and the respective
initial as-prepared states along with some intermediate spin
configurations during magnetization reversal are shown in
Fig. 8. Starting from the state with the same chirality at both
ends, the system always evolves through the Q1 inversion
mode of lower coercivity, i.e., P(Q1) = 100%. However,
starting from the configuration with opposite chiralities, the

1.04 8,15) Q2
—— O
O 1 Q
0.5 2, 1
3/
0.0 .
—05 .
~1.0
12 10 -8 -6 -4 2 0
H, (T)

FIG. 7. Decreasing field branch of the hysteresis loops for a
(8,15) tube with y = 0.035 for two states initially prepared with H
states of the same (Q1) or opposite (Q2) chiralities at the tube ends.

probability to follow the Q02 mode is P(Q2) = 85%, whereas
for the Q1 mode it is P(Q1) = 15%. These features reveal
the subtleties and complexity of the energy landscape and the
differences in energy between Q1 and Q2 modes. Based
on the results obtained, we have also investigated the effect
that the tube length plays in the observed metastability of
the reversal modes without changing y, i.e., for y = 0.035.
For this purpose, additional simulations were performed for

0 (8,15)

—— 3 ——0

m- -
-1 0

FIG. 8. Magnetic configurations during magnetization reversal
when starting from an initial state Q1 (Q2) prepared with the same
(opposite) chirality at the ends of the tube. Upper panels represent
the height profiles of the quantities (6), (m;), and (m,) averaged per
layer for the tube (8,15) and y = 0.035, whereas lower ones present
snapshots of the spin configurations taken at the points labeled in
Fig. 7. Profiles of the initial remanence prepared state are included
for comparison.
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FIG. 9. The four possible paths followed when a (8,20) nanotube
with = 0.035 is submitted to a hysteresis loop simulated starting
from different seeds of the random number generator. The four
cases are named according to the reversal modes followed along the
decreasing-increasing field branches: (a) Q1 — Q1, (b) Q1 — 02, (c)
02 —-01,(d) 02 - Q2.

two other tubes, namely, (8,20) and (8,8) tubes. In the former,
results evidence the same phenomenology of the (8,15) tube
(see Figs. 9 and 10), although now the coercive field of the
Q1 mode has increased whereas that of the Q2 mode has
decreased compared to the respective values of the (8,15) tube.

Qi Decreasing (8,20) Q5 Decreasing (8,20)

—— 1 2 —— 3 —— 1 2 —— 3

\'{i e
fhe
W
‘4‘,‘\!,

)
4

N
i

/b
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AR
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FIG. 10. Magnetic configurations along the hysteresis loops for
the different reversal modes displayed in Fig. 9 (left and right
columns correspond to panels (a) and (c) of the figure). Upper panels
represent the height profiles of the quantities (8), (m.), and (my)
averaged per layer for the tube (8,20) and y = 0.035, whereas the
lower ones are snapshots of the spin configurations taken at points
labeled in Fig. 9.

Moreover, differences can be observed in the probabilities
of occurrence per category, which are now 31%(Q1 — Q1),
26%(Q1 — Q2), 26%(Q2 — Q1), 17%(Q2 — Q2) with total
probabilities per single mode of P(Q1) = 57% and P(Q2) =
43%. Notice that these last probabilities are closer each
other, with a trend to equiprobability, which contrasts with
the results for the (8,15) tube, where P(Q1) = 92.5% and
P(Q2) =17.5%.

On the other hand, when performing the simulations with
the two initial as-prepared states, i.e., with the same (Q1) or
opposite (Q2) chiralities at the ends, by following the same
procedure of the (8,15) tube, we now obtain a low-coercive
reversal mode probability P(Q1) = 100% when starting from
remanence Q1 and a high-coercive reversal mode probability
P(Q2) = 100% when starting from remanence Q2. In this
way, we have been able to demonstrate that, at least for
nanotubes with a higher aspect ratio N;/N, under tuning of
the remanence states Q1 or Q2, the coercive force can be
completely tailored to a low or high value, respectively.

Now, if we modify the degree of competition between
energies, by tuning the y value to the respective y* &~ 0.045 of
a (8,20) tube, for which H states are energetically more favor-
able in the zero-field magnetic-phase diagram [23], the total
probabilities per single mode become almost equiprobable
with P(Q1) = 52.5% and P(Q2) = 47.5%. Moreover, those
remanence states having opposite chiralities in the processes
01 — Q2 and Q2 — Q1 result in having very different proba-
bilities of occurrence if the number of layers is an odd number.
This fact makes the remanence spin configuration asymmetric
relative to the field direction, i.e., the system is not invariant
under field reversal. This is the reason why for the (8,15) tube
the probabilities P(Q1 — 02) = 11% and P(Q2 — Q1) = 2%
were obtained. Contrary to this, if the number of layers is an
even number, the remanence spin configuration is symmetric
and the probabilities P(Q1 — Q2) and P(Q2 — Q1) tend to
be equal as indeed observed for the (8,20) tube. To verify
this issue, additional simulations were performed for a tube
(8,14), very close to the (8,15) tube. In such a case, it turns
out that P(Q1 — Q2) = P(Q2 — Q1) = 2%. In this respect, it
is easy to notice that if the number of layers is odd, in a state
of opposite chiralities, there will be an unbalance between
the number of layers with a given chirality and the number
of layers with the opposite one. The asymmetry becomes
more relevant depending on the decreasing or increasing field
direction. Such unbalance is negligible in scenarios of tubes
with an even number of layers.

Regarding the (8,8) nanotube, hysteresis loops (averaged
over 100 realizations) and the respective vorticity curves were
also studied, see Fig. 11. In this case, tilted hysteresis loops
for y = 0.035 do not reveal the appearance of the two modes.
Despite the existence of small regions in the cycle near satura-
tion with a greater irreversibility, the associated coercivity is
very small, leading to the occurrence of one single (Q1) mode.
Here, the short length of the tube makes it unable to harbor
the vortex domain wall of opposite chiralities, suppressing
in this way the high-coercivity (Q2) mode. Thus, only the
low-coercivity (Q1) mode subsists.

These observations are in agreement with the fact that
reversal modes in magnetic nanotubes are strongly dependent
on geometrical factors, particularly the aspect ratios, as has
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FIG. 11. Hysteresis loops of a (8,8) tube for two different values
of y. The spin configuration corresponds to the single kind of
remanence state with the same chiralities at the ends present in this
system.

been already published [30,31,36], so differences when the
aspect ratios change are expected even if the same initial states
are considered. Finally, for a different competition degree,
namely, y = y* & 0.022, also one single Q1 mode subsists,
but now the magnetization reversal occurs practically in one
single step in a very narrow region in the vicinity of the
coercive field. Contrary to this, for y = 0.035, magnetization
reversal occurs accompanied by circular states ({p,) # 0)
persistent along most of the cycle.

C. Micromagnetic simulations

To further investigate the possibility of observing the
above-mentioned phenomenology in tubes of greater dimen-
sions in the range of tens of nanometers, closer to those of
tubes experimentally synthesized, a micromagnetic approach
has been conducted. For this purpose, tubes having the same
aspect ratio to that of the (8,20) tube considered in the MC
simulations have been modeled.

We would like to stress that it is not possible to establish
a one-to-one correspondence between an atomistic model
for which we consider a layer of spins rolled to form a
monoatomic thick tube with a micromagnetic model for which
the tube thickness has to be finite. Therefore, even though the
y parameter cannot be mapped exactly to a micromagnetic
equivalent, we can have an estimation of the y parameter
for the continuous model used in micromagnetics. To do so,
we approximate the volume density of the energies Eex ~
A/a® and Ep,y ~ oM?/2 and estimate their ratio as y =~
Emnag/Eex, a being the lattice parameter. With the values for
FeCo mentioned in Sec. IIB, y = 0.016, while a value of y
close to the y* & 0.045 of the (8,20) tube can be obtained by
choosing, for example, M; = 2 x 100 A/m, A =10 x 10712
J/m and a = 0.3 nm, which are within the typical values for
ferromagnets. Micromagnetic calculations were performed
for these last values.

In this approach, we have ensured first that, using the en-
ergy minimization procedure via OOMMF at T = 0, ground-
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FIG. 12. (a) Hysteresis loops simulated with OOMMEF at T =
4K starting from saturation for two different seeds for the random
number used to generate the stochastic thermal fields. Lower panels
display the dependence of the total (b), exchange (c), dipolar (d),
and Zeeman (e) energies of the nanotube on its magnetization for
the configurations attained along the decreasing field branch of the
hysteresis loops shown in (a).

state configurations similar to those obtained by MC are
obtained for the values of A and M, mentioned above. In
particular, by starting from a FM configuration, results show
that, after some transient time, the value of the energy is
stabilized when the magnetic configuration reaches the equiv-
alent H state. Thus, once it was established that circular states
are achievable in micromagnetic simulations, hysteresis loops
were computed.

In analogy with the MC simulations, the hysteresis loops
were repeated using different random seeds for the generation
of the stochastic thermal fields at temperature 7 = 4 K. The
intention is to give the system a chance to follow different
paths through the energy landscape at each field stage, so
different metastable states, which can be very close in energy
but have different microstates, can be reached along the hys-
teresis loop. This is reasonable as long as a hysteresis loop
is a nonequilibrium curve. Thus, as can be observed in the
simulated hysteresis loops of Fig. 12, two well-distinguished
modes (Q1 and Q2) for magnetization reversal with two
different coercivities were also obtained, in analogy with
the ones obtained via MC for the (8,15) and (8,20) tubes.
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FIG. 13. Snapshots of the spin configurations in the reversal
modes Q1 (upper panel) and Q2 (lower panel) of the hysteresis
loops obtained from micromagnetic simulations. Numerical labels
correspond to those states shown in Fig. 12.

Similarly, tracking of the spin configurations along the de-
creasing field branches of the loops allows us to identify
both switching modes in terms of a dual mechanism. The
Q1 mode (obtained for a particular random seed) follows an
intermediate stage characterized by H states at the ends of
the tube with the same chirality giving rise to a low coercive
field. In contrast, when a different random seed is used, the
02 mode is observed, characterized by intermediate stages
with helicities of opposite chirality that give rise to a higher
coercive field. Snapshots of these two reversal modes are
shown in Fig. 13.

The variations of the energy contributions along the hys-
teresis loops given in the lower panels of Fig. 12 have a similar
behavior to those obtained by MC simulations in Fig. 6.
In particular, energies for both modes are almost identical
at high fields and they bifurcate near the remanence. Also,
beyond that point, in both cases the mode with opposite
chiralities makes an excursion to higher exchange energies
[Fig. 12(c)], altough in the MC case the variation is more
progressive, in agreement with the smoother variation of the
magnetization near the coercive field [compare Figs. 6(a) and
6(d) to Fig. 12(a)]. A similar observation is applicable when
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FIG. 14. Magnetization reversal at T = 4 K. Steps of 1 ps were
considered for time evolution. H = 0.9H,. Error bars were computed
over 50 runs starting from different random seeds.

comparing dipolar energies in Fig. 6(b) to demagnetizing
ones in Fig. 12(d), although in the latter case the differences
between both modes are not as pronounced as in the MC
simulations. Similar jumps in energy have also been reported
to occur during the reversal of vortices in micromagnetic
simulations of nanodots [50].

D. Thermal effects

To evaluate the thermal effects in the micromagnetic ap-
proach upon the occurrence of the dual inversion modes, we
have examined the time evolution of the magnetization at
a finite temperature 7 =4 K, and for an external applied
field below and close to the largest coercive force, namely,
H = 0.9H, (coercive field of the Q2 mode), by starting from
a saturated initial configuration for different seeds. Results,
shown in Fig. 14, are the averages over 50 runs.

As can be observed, the two magnetization reversal modes
Q1 and Q2 are still present and they are well differentiated.
The differences between the characteristic reversal times for
both modes are clearly linked to the different paths followed
through the energy landscape. Of course, depending on tem-
perature, differences regarding the probabilities of occurrence
per mode are expected to change with respect to the atomistic
simulations.

V. DISCUSSION AND CONCLUSIONS

We have shown that the occurrence of both helical (H)
and vortex (V) states during the magnetization reversal of
nanotubes is dictated by y, the dipolar to exchange energy
ratio. For a certain range of y’s, the results of MC atomistic
simulations have demonstrated that different reversal modes
can occur along the hysteresis loop as a consequence of the
high degree of metastability of the H states that facilitates
different paths through the energy landscape when varying
the magnetic field. In agreement with our results, recent
experimental works on individual magnetic nanotubes [32,33]
have also evidenced that short FeCoB nanotubes (0.6 pum
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long, 300 mn in diameter), with similar aspect ratios as the
ones studied here, can be found in mixed states with end
vortices of opposing or matching circulations depending on
the magnetic history or experiment repetition. Moreover, the
comparison of cantilever magnetometry [33] with micromag-
netic simulations showed that reversal initiated with matching
vortices is correlated to lower energies and smoother energy
variations than for opposing vortices. It is worth mentioning
also that in Ref. [21] a high degree of data scattering in
the two branches of the hysteresis loop as well as a small
exchange-bias-like effect in an individual pure Ni tube was
observed, which we assume could be attributed to the different
reversal possibilities shown in this work.

Our results allow us to conclude that the reversal modes
initiated by vortices with same chirality have coercive fields
lower than the mode with opposite chiralities, since in this
case the central region of the tube has to face the merging
of opposite directions of helicity due to the formation of a
domain wall. Our proposal to induce the reversal through the
Q1 or 02 modes, based on controlling the initial chirality at
the tube ends, would allow us to use a unique tube as a soft
or hard material without changing its composition. In fact,
the experimental study of Ref. [33] has already suggested
that control over relative chirality can be achieved introducing
structural asymmetries at the nanotube ends, but we have
shown that this might be achieved also without modifying the
tube structure.

Regarding vorticity control in magnetic tubes without
modifying their structure, some previous works can be consid-
ered as a step in such direction. Namely, (i) by using magnetic
field pulses along the symmetry-axis of the tube [S1], (ii) by
means of the injection of electric current pulses along the
symmetry axis of the tube [52], and (iii) by injection of small
electric currents flowing through the nanotube with a circular
magnetic field applied at the middle of the tube [53] as a way

to stabilize a vortex state, which can eventually be used as a
starting state for an inversion process.

Finally, apart from the scenario of having clusters or
nanoparticles grafted or attached to the surface of a tube as a
template where dipolar interactions can gain importance, it is
also viable to pose as an alternative the use of SMMs, which
can be assembled, by using coordination chemistry, intol1D,
2D, and 3D networks [54]. The experimental challenge would
be to get a 2D network of SMMs in a cylindrical arrangement
an estimate of the y values involved in this kind of systems
can be assessed by considering, for instance, the FM Mny
molecular magnet [55] with an average magnetic moment
between Mn*? and Mn*3 of 4.15 13, an average distance of
3.31 A, and a FM exchange interaction of 6.5 K. These values
yield y = 0.046, placing us in the range where dual reversal
modes may appear.

Although in this paper we have limited our study to tubes of
reduced dimensions, we have given proof that our conclusions
are not peculiar to the range of sizes studied. Preliminary
results to be shown in a forthcoming publication indicate that
a similar phenomenology can be observed for longer or wider
tubes under certain conditions of competition according to .
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