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17.1 Introduction

17.1.1 Magnetic nanostructures

The study of magnetic nanostructures is motivated both by fundamental questions
about the effects of miniaturization on magnetic properties and by their potential
applications. Nanometer-scale magnets can be used as elements in dense magnetic
memories, logical devices [1], and magnetic sensors [2] and as probes in high-
resolution imaging applications [3—5]. For applications, such as dense magnetic stor-
age or high-resolution sensing, there is clear motivation to reduce element size as
much as possible. At the same time, however, to be useful, magnetic elements must
have both well-defined remnant states and reproducible reversal processes.

As element size continues to shrink, these requirements become increasingly dif-
ficult to meet. The intrinsically large surface-to-volume ratio of nanometer-scale mag-
nets makes their magnetization configurations especially susceptible to roughness and
exterior imperfections. Furthermore, the presence of surface and edge domains can
lead to complicated switching processes that are slow and not reproducible [6,7]. Near
borders, magnetization tends to change direction to minimize stray-field energy. As a
result, the form of surfaces and edges—including any imperfections or roughness—
determines the configuration of the magnetization in their vicinity. The resulting mag-
netization inhomogeneities affect reversal by acting as potential nucleation sites for
complex switching processes [8§—12]. Furthermore, small differences in the initial con-
figurations of edge and surface domains can lead to entirely different reversal modes,
complicating the control and reproducibility of magnetic switching from nanomagnet
to nanomagnet [6].

Although, in practice, the effect of roughness can never be completely eliminated,
one way to reduce the influence of edges and surfaces on magnetic reversal is to use
magnetic structures that support flux-closure magnetization configurations [ 13]. Since
these configurations minimize stray field, edges and surfaces play a lesser role in
determining both their equilibrium state and their dynamics than for nonflux-closure
configurations. As a result, structures hosting flux-closure configurations should favor
stable remnant states and both fast and reproducible reversal processes. In addition,
the lack of stray field produced by flux-closure configurations suppresses interactions
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between nearby nanomagnets. This property is potentially useful for the design of
closely packed arrays, for example, as in a high-density memory. Nevertheless, a min-
imum element size is imposed by the stability of flux-closure configurations, which
requires an element size significantly larger than the dipolar exchange length [14].

On the nanometer-scale, core-free geometries such as rings [11,15] and tubes [16]
have been proposed as hosts of vortex-like flux-closure configurations with magne-
tization pointing along their circumference. Such configurations owe their stability
to the minimization of magnetostatic energy at the expense of exchange energy. Cru-
cially, the lack of a magnetic core removes the dominant contribution to the exchange
energy, which otherwise compromises the stability of vortex states.

17.1.2 Ferromagnetic nanotubes

In this chapter, we focus on ferromagnetic nanotubes (FNTs) and their experimental
investigation by techniques capable of measuring the response of individual speci-
mens. This capability has developed recently and is now having a strong impact on
our understanding of the behavior of real FNT structures. For more general treatments,
including discussion of their fabrication and measurements mostly of large ensembles
of FNTs, we point the reader to Chapters 14 and 31 of Handbook of Nanophysics:
Nanotubes and Nanowires [17], a review by Sousa et al. [18], and Chapter 24 of this
book. Chapter 3 of Handbook of Magnetic Materials [19] provides the most recent
comprehensive review of the topic, just to the point at which measurements started
to shift from ensembles to individual elements.

At equilibrium, the hollow magnetic geometry of FNTs is expected to stabilize
vortex-like flux-closure configurations with magnetization pointing along the FNT
circumference. Although vortex configurations have been observed localized at the
ends of ferromagnetic nanowires (FNWs) [20], the exchange energy penalty for the
magnetic singularity along the vortex axis tends to favor nonflux-closure states. In
a FNT the lack of this axial Bloch point structure [21] is also expected to allow for
fast magnetization reversal that begins with vortices nucleating at its ends and prop-
agating along its length [16,22,23]. Due to their tubular geometry, FNTs may reveal
curvature-induced effects [24,25], such as asymmetric spin-wave dispersion [26] or
Cherenkov-type emission of magnons by certain types of domain walls [27]. Theoret-
ical studies of magnetization configurations in ferromagnetic FNTs have predicted an
equilibrium flux-closure configuration, the so-called global vortex state, and other
configurations, including a uniform axial state and a mixed state [16]. In a global vor-
tex state, the entire FNT s magnetization is circumferentially aligned, while the mixed
state combines vortex-like ends, minimizing magnetostatic energy, and an axially
aligned center, minimizing exchange energy. Calculations suggest that for short
FNTs, opposing vortex states, in which two vortices with opposing circulation are sep-
arated by a Néel domain wall, may also be stable [28]. The dependence of the FNT’s
equilibrium magnetization configuration on geometry and details such as the relative
sense of circulation of the end vortices have been considered both analytically and
numerically [28-30]. In particular, it has been predicted that the global vortex state
can be programmed as the stable remnant configuration by a small FNT length-to-
diameter ratio (Fig. 17.1).



Determining magnetization configurations and reversal of individual magnetic nanotubes 493

AS MS VS

(e

0
0

(A) (B)

I (nm)

0 100 200 300 400 500
(D) d, (nm)

Fig. 17.1 Possible equilibrium magnetization configurations are illustrated: (A) axial state
(AS), (B) mixed state (MS), and (C) vortex state (VS). Magnetic phase diagram as a function of
FNT diameter (dy) and length (/). The MS-V transition is shown for two different shape factors
p =0.5 and f = 0.9, where f is the ratio of the inner and outer FNT diameter.

Adapted from P. Landeros, O.J. Suarez, A. Cuchillo, P. Vargas, Phys. Rev. B 79 (2009) 024404.

17.1.3 Measuring assemblies versus individual magnetic
nanotubes

Despite the wealth of predictions on the equilibrium configurations and reversal
modes of FNTs, direct experimental evidence of their magnetic behavior has emerged
only recently. This is partly due to the difficulty of measuring individual magnetic
nanostructures with many conventional magnetometry techniques, which do not have
the necessary sensitivity to detect the small total magnetic moment of a single nano-
magnet. As a result, measurements of their magnetic properties are often carried out
on large ensembles [31-37], whose constituent nanomagnets have a distribution of
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size, shape, and orientation and—depending on the density—may interact with each
other [31,38]. These complications conspire to make accurate characterization of the
stable magnetization configurations and reversal processes difficult.

To obtain a clear understanding of the magnetic properties of FNTs, it is therefore
advantageous to investigate individual specimens. In the following sections, we
review such efforts. In a pioneering work carried out in 1996, Wernsdorfer et al.
[39] investigated the magnetic reversal of an individual Ni nanowire at 4 K using a
miniaturized superconducting quantum interference device (SQUID). Detecting the
stray magnetic flux @ from one end of the nanowire as a function of magnetic field
H, @ was assumed to be approximately proportional to the projection of the total mag-
netization M along the nanowire axis. At the time, M(H) of the individual nanowire
was not accessible, and micromagnetic simulations were conducted only a decade
later [40].

These micrometer-scale SQUID measurements of single FNWs were followed by
other measurements of individual FNWs by electron holography [4 1], magnetic force
microscopy (MFM) [42,43], magnetotransport [44-48], and X-ray microscopy [49].
Magnetization configurations of individual rolled-up ferromagnetic membranes
between 2 and 16 pm in diameter were also imaged using the optical Kerr effect
[50] and X-ray microscopy [50-52]. In these studies, the authors reported azimuthal
domain patterns that were commensurable throughout the windings and attributed the
effect to magnetostatic [52,53] or exchange [50] coupling between windings. In the
following, we focus on magnetic configurations in individual FNTs, which are an
order of magnitude smaller. These FNTs are prepared as continuous magnetic shells
around nanotemplates, allowing for both magnetostatic and exchange coupling.

17.2 Magnetoresistance

Measurements of magnetoresistance (MR) monitor the change in electrical resistance
of a sample as a function of the applied external magnetic field. Through the aniso-
tropic magnetoresistance (AMR) effect, whose fundamental origin is spin-flip scatter-
ing due to spin-orbit coupling, the measured resistance can then be related to the
magnetization orientation in the sample. As a result, by electrically contacting an indi-
vidual FNT, measurements of its integrated magnetization can be made.

Early MR measurements of individual FNTs were carried out by Zhang et al. in
2004 on Fe;O4 FNTs grown on MgO NW templates [54]. Subsequent measurements
of MnAs FNTs by Liang et al. in 2012 [55] and of GaMnAs FNTs by Butschkow et al.
in 2013 [56] provided more detailed information on the magnetization reversal. In
both cases, core-shell NWs consisting of a hexagonal GaAs core and a MnAs or
GaMnAs shell were grown by molecular beam epitaxy (MBE). The nonmagnetic
semiconductor cores and the ferromagnetic semiconductor shells together formed
FNTs. Single FNTs were isolated on an insulating substrate and metallic electrodes
were patterned to make ohmic contact to each FNT. Transport measurements were
then carried out in four-terminal configuration at cryogenic temperatures and in
applied magnetic fields. As observed in the MR measurements, the magnetization
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behavior in this type of FNTs is dominated by magnetocrystalline anisotropy of the
material itself rather than the shape anisotropy of the tube. As a result, vortex-like
flux-closure states are not supported in these samples, and no experimental evidence
for their presence was found in either experiment.

In an effort to favor the formation of vortex states and measure their presence in a
single FNT, starting in 2012, researchers focused on FNTs made from polycrystalline
or amorphous materials with nearly isotropic magnetic properties. Riiffer et al. per-
formed MR measurements on single metallic FNTs formed by a 40-nm layer of Ni
deposited by atomic layer deposition (ALD) on GaAs NWs with a hexagonal cross
section [57]. As in previous measurements, the GaAs NWs served as nonmagnetic
templates, this time for the polycrystalline Ni film, which—in contrast to MnAs
and GaMnAs—does not exhibit magnetocrystalline anisotropy. These FNTs had an
outer width of 150 nm and lengths of 20 pm. Four-terminal MR measurements of indi-
vidual FNTs were performed as a function of applied magnetic field both parallel and
perpendicular to the FNT axis (Fig. 17.2). The results were consistent with the pres-
ence of vortex-like magnetization configurations near remanence. The authors
suggested a number of possible low-field magnetization configurations to explain
their results, including a multidomain vortex state, consisting of segments of azimuth-
ally oriented magnetization separated by axial domain wall; an onion state, consisting
of two sections of oppositely oriented azimuthal magnetization separated by axial
walls; and a global vortex state, in which the magnetization of the entire FNT is

(D)Q\

Fig. 17.2 Scanning electron microscopy images of a small segment of (A) Ni FNT and

(B) CoFeB ENT. (C) Overview of sample CoFeB FNT with electrical contacts. (D) MR
measurement configuration.

Adapted from D. Riiffer, M. Slot, R. Huber, T. Schwarze, F. Heimbach, G. Tttiinctioglu,

F. Matteini, E. Russo-Averchi, A. Kovacs, R. Dunin-Borkowski, R.R. Zamani, J.R. Morante,
J. Arbiol, A.F.i. Morral, D. Grundler, APL Mater. 2 (2014) 076112.
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Fig. 17.3 Resistance of a 10-mm-long Ni FNT segment for magnetic field H sweeps in positive
(green) and negative (blue) directions when H is parallel to the long axis (upper curves). The
magnetoresistance is hysteretic and positive at large fields. For H perpendicular to the long axis,
the magnetoresistance is negative to large fields.

Adapted from D. Riiffer, R. Huber, P. Berberich, S. Albert, E. Russo-Averchi, M. Heiss, J.
Arbiol, A.F.i. Morral, D. Grundler, Nanoscale 4 (2012) 4989.
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Fig. 17.4 Magnetic states schematically attributed to characteristic r resistance values in (A) a
perpendicular and (B) a parallel magnetic field.

Adapted from D. Riiffer, R. Huber, P. Berberich, S. Albert, E. Russo-Averchi, M. Heiss, J.
Arbiol, A.F.i. Morral, D. Grundler, Nanoscale 4 (2012) 4989.

oriented along one azimuthal direction (Figs. 17.3 and 17.4). Although the lack of
magnetocrystalline anisotropy allowed for vortex-like magnetization configurations,
the surface roughness of the Ni FNTs and their jagged or spherical ends likely
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precluded the observation of the magnetization configurations and reversal modes
predicted for idealized tubes.

Later, many of the same authors also investigated similar FNTs with CoFeB and
NiggFe,( (permalloy) shells. Amorphous CoFeB FNTs were produced by magnetron
sputtering onto the GaAs template NWs [58], while polycrystalline NiggFe,q FNTSs
were deposited by thermal evaporation [59]. Baumgaertl et al. carried out MR mea-
surements relying on both the AMR effect and the anomalous Nernst effect combined
with a focused laser beam to produce local temperature gradients within the FNTs
[59]. The results suggested that the NigoFe,o FNTs prefer an axially aligned magne-
tization configuration and that reversal occurs via a vortex domain wall. On the other
hand, the CoFeB FNTSs showed evidence for a remanent configuration with partly azi-
muthally aligned magnetization, probably stabilized by a growth-induced magnetic
anisotropy [60].

In 2018, Zimmermann et al. did MR of individual NiggFe,y, FNTs, which—together
with X-ray microscopy images—showed clear MR signal consistent with the presence
of remanent vortex states [61]. These results are discussed in further detail in
Section 6, where we review X-ray microscopy of FNTs.

17.3 Torque magnetometry

In 2012, researchers started applying sensitive torque magnetometry to measure mag-
netic hysteresis of individual FNTs. The first such experiments were carried out by
Weber et al. [62] on the polycrystalline Ni FNTs studied earlier by Riiffer et al.
[57]. The researchers used a technique known as dynamic cantilever magnetometry
(DCM), which measures the curvature of a sample’s free energy E,, with respect to
the magnetic field orientation [63—67]. The high sensitivity provided by the ultrasoft
Si cantilevers used as torque transducers allows for the measurement of individual
nanomagnets [68—70], as well as other nanostructures producing a magnetic response
[71-73]. Measurements require the FNT of interest to be attached to a cantilever trans-
ducer, whose mechanical resonance frequency f is monitored as a function of the
applied external magnetic field H. The frequency shift Af =f — f,, where f; is the
frequency at H = 0 is given by

fO azEm
6.=0

2kol,* \ 06,
where ky is the cantilever spring constant, /, its effective length, and 6. its angle of
oscillation [66,69] (Fig. 17.5).

Initial measurements on Ni FNTs were conducted in three different field orienta-
tions and provided evidence for the presence of multidomain states and onion states
near remanence. These results were consistent with earlier MR measurements by
Riiffer et al. on the same set of samples, in which the presence of a remanent global
vortex state was not unambiguously observed. Again, sample roughness and

Af
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Fig. 17.5 Schematic diagram of the DCM measurement: Si cantilever (gray) and CoFeB FNT
(blue) with GaAs core (red). The cantilever oscillates about y, and the FNT axis is parallel to Z.
The applied magnetic field H can be rotated in the xz-plane by an angle 6. with respect to Z. The
unit vector 7ip (71p) defines a perpendicular plane, in which the top (bottom) end of the FNT lies.
The angle ar (ap) refers to the angle of this vector with respect to the FNT axis Z.

Adapted from A. Mehlin, B. Gross, M. Wyss, T. Schefer, G. Tutiinciioglu, F. Heimbach, A.F.i.
Morral, D. Grundler, M. Poggio, Phys. Rev. B 97 (2018) 134422.

imperfections likely prevented such idealized states from being the equilibrium mag-
netization configurations. The measurements also yielded the value for the saturation
magnetization of the FNTs, which was equal, within the experimental error, to the
value known for bulk crystalline Ni.

Follow-up measurements of these Ni FNTs by Buchter et al. [74] and Nagel et al.
[75] combined DCM with a nanometer-scale superconducting quantum interference
device (nanoSQUID), which was used to measure the magnetic flux originating from
the end of an individual FNT. This combination allowed the researchers to simulta-
neously monitor a single FNT’s volume magnetization, by DCM, and the stray field
produced by one of its ends, by nanoSQUID. The difference between the magnetic hys-
teresis curves measured by DCM and nanoSQUID and comparison with micromagnetic
simulations indicated that the magnetization reversal process—at least in the measured
FNT—did not start from the end closest to the nanoSQUID, but rather from a remote
segment. This result contradicted the theoretical literature on the reversal of an ideal
FNT, in which magnetization reversal is predicted to start with the appearance of vortex
configurations at the two ends. Once again, this deviation from ideal behavior was likely
due to the roughness of the Ni FNT and the imperfection of its ends.

In 2015, many of the same authors carried out similar DCM/nanoSQUID measure-
ments of the NiggFe,y FNTs previously measured using MR by Baumgaertl et al. [76].
In contrast to the measurements of single Ni FNTs, comparison between DCM and
nanoSQUID signal from individual NiggFe,q FNTs indicated that magnetization
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reversal in these nanomagnets—in the absence of exchange bias coupling—did indeed
follow the predicted behavior. Measurements were consistent with a reversal that
proceeded through the nucleation of vortex configurations at the ends of the FNT
followed by an irreversible switching process. These FNTs were made from
30-nm-thick thermally evaporated shell of NigoFe,y on a GaAs NW template. They
were 10-20 pm long with 150-nm-wide hexagonal cross section. Unlike in the Ni
FNTs, the thermally evaporated NiggFe,o shell was smooth and showed no disconti-
nuities: its roughness was less than 5 nm. This improvement likely led to the obser-
vation of an idealized magnetization reversal behavior. Below a blocking temperature
of 18 K and before field training, the DCM/nanoSQUID experiments also showed a
pronounced exchange bias effect. In particular, the few-nanometer-thick native oxide
on the NiggFe,o FNTs pinned the magnetization, suppressing the nucleation of vortices
at the FNT ends and the subsequent coherent magnetization reversal. These results
highlighted the importance of either controlling the nature of the oxide capping layer
in such FNTs or working well above the blocking temperature, where exchange bias is
not effective (Fig. 17.7).

In 2016 and 2018, Gross el al. [66] performed DCM experiments on the CoFeB
FNTs produced by magnetron sputtering and measured in MR by Riffer et al. [58]
and Baumgaertl et al. [59]. First, Gross et al. carried out measurements in three ori-
entations of the applied field with respect to the FNTs, which were typically 10 pm
long with 30-nm-thick and 250-nm-wide hexagonal shells. These FNTs were largely
defect-free with a surface roughness better than 3 nm. Comparing measurements to an
analytical model of an idealized Stoner-Wohlfarth magnet, the authors were able to
model the system’s high-field behavior and extract each FNT’s saturation
magnetization.

In addition, to model the DCM measurements at low field and to understand the
magnetization configurations present near remanence, the authors developed a numer-
ical simulation of the experiment using the Landau-Lifshitz-Gilbert micromagnetic
formalism. For each value of H, the simulation determined the equilibrium magneti-
zation configuration and the second derivative of E,, with respect to 6., relating DCM
signal to the magnetization configuration present in the FNT. These insights—
combined with the high torque sensitivity provided by ultrasoft Si cantilevers—
provided a detailed picture of the equilibrium magnetization configurations and
reversal in the individual CoFeB FNTs.

The overall features of the DCM hysteresis loops measured by Gross et al. were
consistent with the reversal sequences predicted by numerical simulations. Neverthe-
less, clear evidence for the presence of vortex configurations—in the form of prom-
inent signature predicted by simulations to occur at the beginning of reversal upon
vortex nucleation—was absent. Once again, experiments pointed to some discrepancy
between the idealized model of FNT reversal and what happened in real samples. As in
previous measurements the ends of the CoFeB FNTs measured by Gross et al. were
not ideal. In particular, each FNT was terminated by a spherical CoFeB shell around a
Ga droplet left over from the template GaAs NW growth. Furthermore, to mount the
FNT onto a cantilever for DCM measurements, the other FNT end was broken off of
the substrate. As a result, both ends of the FNTs were not capped by an open and per-
fectly flat end, as considered in theory.
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(a) g Fig. 17.6 Scanning electron
micrographs (SEMs) of the FIB
milled 2.2-pm-long FNT

(A) placed on a Si surface and
(B) attached to the tip of an
ultrasoft Si cantilever.

Adapted from A. Mehlin,

B. Gross, M. Wyss,

T. Schefer, G. Titiinctioglu,

F. Heimbach, A.F.i.

Morral, D. Grundler, M. Poggio,
Phys. Rev. B 97 (2018) 134422.
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Fig. 17.7 Simulated and measured reversal of a 2.2-pm-long FNT. (A) Simulated
magnetization configurations for Af(H) corresponding to the labels. (B) Simulated (lines) and
measured (points) DCM signal. Squares highlight those simulated vortex domain nucleation/
annihilation features, which are difficult to see. (C) A detailed view of DCM signature
corresponding to the nucleation (annihilation) of the first vortex domain. The simulation, which
is offset for clarity, uses ar = 6°, agp = 10.5°, and 6, = 11.0°.

Adapted from A. Mehlin, B. Gross, M. Wyss, T. Schefer, G. Tiitiinciioglu, F. Heimbach, A.F.i.
Morral, D. Grundler, M. Poggio, Phys. Rev. B 97 (2018) 134422.

To realize ideal ends and to study the dependence on the FNT length, in 2018,
Mehlin et al. studied CoFeB FNTs from the same sample set, whose ends had been
cut using a focused ion beam (FIB) [77] (Fig. 17.6). This procedure ensured FNTs
with smooth and well-defined ends, which—in general—were tilted relative to the
plane normal to the FNT axis. This modification proved crucial and immediately
resulted in clear experimental signatures of vortex end-domain nucleation in individ-
ual FNTs (Fig. 17.7). The correspondence between the measured and simulated DCM
was such that the authors clearly confirmed that magnetization reversal was
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Fig. 17.8 Simulated and measured reversal of a 0.6-um-long FNT. (A) Calculated
magnetization configurations for Af(H) corresponding to the labels. (B) Simulated (lines) and
measured (points) DCM response. Squares highlight those simulated vortex nucleation/
annihilation features, which are difficult to see. For the simulation, ar = 4.0°, ag = 6.5°, and
6y = 10.0°.

Adapted from A. Mehlin, B. Gross, M. Wyss, T. Schefer, G. Tiitiinciioglu, F. Heimbach, A.F.i.
Morral, D. Grundler, M. Poggio, Phys. Rev. B 97 (2018) 134422.

proceeding through vortex configurations. In addition, measurements of the shortest
measured FNT, which was 0.6 pm long, unambiguously indicated a reversal sequence
that included a remanent global vortex state (Fig. 17.8). Finally, a study of the depen-
dence of the end-vortex nucleation field on the angle of the FNTs ends showed that
even slightly slanted ends can considerably shift the nucleation field. The close agree-
ment between DCM measurements and simulations on the effect of slanted ends
served as further confirmation that the simulated vortex nucleation process is an accu-
rate description of what occurred in the measured samples. It also proved that FNTs
fabricated from amorphous CoFeB with low surface roughness and FIB-defined ends
were the experimental realization of the ideal FNTs discussed in the theoretical
literature.

17.4 Magnetic imaging with X-rays

Magnetic imaging of ferromagnets with soft X-rays is carried out by measuring the
difference in resonant absorption of ¢* and ¢~ circularly polarized X-rays, due to
X-ray magnetic circular dichroism (XMCD). This difference is proportional to the
magnetic moment in the interaction volume projected along the beam propagation
direction k. Since the X-ray photon energy must be tuned in resonance with the
absorption edge of a given element, the contrast is element specific and allows for
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spectroscopic measurements of composition and oxidation states. Imaging is per-
formed either by detecting transmitted X-ray photons, that is, transmission X-ray
microscopy (TXM), or by collecting photoelectrons emitted from the sample upon
absorption of the X-rays, that is, X-ray photoemission electron microscopy
(XPEEM). These microscopies can have spatial resolutions down to 20 nm.

TXM can be carried out by focusing an X-ray beam on a sample and forming an
image with the transmitted light. Alternatively, in scanning TXM (STXM), the focused
beam can be scanned across the sample, while to total transmitted light is collected at
each position. In either case, the sample thickness is limited to less than 200 nm and
must be supported by a substrate, which is transparent to X-rays (e.g., SIN membrane).

In XPEEM, an image is formed by the secondary electrons excited by the X-ray
beam illuminating the sample at grazing incidence (typically 16°). Therefore the
XPEEM intensity at each position represents the local near-surface magnetization pro-

jected along k. However, nonplanar structures, like the FNTs, also cast X-ray shadows
on the supporting substrate. The XPEEM contrast from these regions depends on the
integrated volume magnetization of the material, through which the X-rays have pre-
viously passed. Shadow XPEEM was pioneered by Kimling et al. [49] and further
developed by Da Col et al. [21] and Jamet et al. [20] for FNWs.

In 2017, Wyss et al. [78] used shadow XPEEM to investigate the CoFeB and
NiggFeyy FNTs from the sample set first studied by Baumgaertl et al. [59]
(Fig. 17.9). In the XPEEM experiments, which were carried out in remanence, the
ends of the FNTs were cut flat using a FIB, just as was done later by Mehlin et al.
[77]. The authors determined the remanent magnetization configuration of 19 CoFeB
FNTs and 25 NiggFe,( with a variety of lengths. The study revealed that short NTs can
occupy a stable global vortex state in remanence. Consistent with an analytical theory
by Landeros et al. [16] and numerical simulations carried out by the authors, the FNT
length-to-diameter ratio was found to play a crucial role in stabilizing the global vor-
tex state. XPEEM images of the equilibrium magnetization configurations showed
that the relative circulation sense of vortex ends in real FNTs is less controlled than
expected from idealized simulations. As a result, short FNTs were found not only in
remnant global vortex states but also in opposing vortex states, which include a Néel
wall between two opposing vortices. Additional simulations suggested that sample
imperfections including variations in thickness and deviations from a perfect geom-
etry were responsible for this discrepancy. Still, the XPEEM images of global vortex
states showed that the most important properties predicted for idealized FNTs had
been realized in real structures. They also demonstrated that the equilibrium magnetic
configuration of a real FNT can be programmed via geometry, a result consistent with
long-standing theoretical predictions.

Wyss et al. found that FNTs shorter than 2 pm with a diameter between 200 and
300 nm and a shell thickness of 30 nm occupied remanent vortex configurations
(Fig. 17.11). As expected by calculations, longer FNTs occupied a remanent
mixed-state configuration, in which the magnetization of the central part of the
FNT aligns along its long axis and only curls into vortices at the ends [16, 29, 79]
(Fig. 17.10). However, both for studies of spin-wave physics and for applications such
as magnonic waveguides and data storage (e.g., racetrack memory) FNTs with large
length-to-diameter ratios are required (Figs. 17.9-17.11).
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Fig. 17.9 (A) Schematic drawing of a FNT cross section with incident X-rays, photoexcited
electrons, and expected XPEEM contrast for the depicted vortex configuration. The brown
central region depicts the nonmagnetic GaAs template material, the gray region the magnetic
NT, and the red region the native oxide. (B) SEM of an 11.3-pm-long CoFeB NT with a Au
alignment marker visible on the right of the image. (C) PEEM image with gray-scale contrast
corresponding to PEEM intensity and (D) XPEEM image with red (blue) contrast representing
positive (negative) XMCD signal. The dashed line shows the position of the NT.

Adapted from M. Wyss, A. Mehlin, B. Gross, A. Buchter, A. Farhan, M. Buzzi, A. Kleibert,
G. Titiinciioglu, F. Heimbach, A.F.i. Morral, D. Grundler, M. Poggio, Phys. Rev. B 96 (2017)
024423.



504 Magnetic Nano- and Microwires

¥ ST

1
|
|
1
|
|
1
|
1
|
1
1
1
|
1
|
1
|
1
1
|
1
|
i
1
1
|
Il
1
|
|
|
1
1
1
1
|
1

IX CD

My
o R |

-1 0 1

Fig. 17.10 XPEEM images of a 6.9-pm-long Py NT with (A) £ Li and (B) k || /i and of 2 7.2-pm-
long CoFeB NT with (C) kL and D) k || 7i. Dashed outlines indicate the positions of the NTs.
Panels (E-H) represent 2-um-long XMCD linecuts along the corresponding colored dashed
lines in (A—D). In the linecuts the background intensity is indicated by the level of the horizontal
dashed lines, and vertical dashed lines delineate the boundaries of the NT. Panels (I) and

(J) show simulated remnant magnetic states for a NT with / = 2.1 pm and d = 245 nm. Both
configurations are mixed states with an axial central domain and vortex ends of either

(I) opposing circulation—consistent with (A) and (B)—or (J) matching circulation, consistent
with (C) and (D). The color scale corresponds to normalized magnetization along y. Arrowheads
indicate the local magnetization direction.

Adapted from M. Wyss, A. Mehlin, B. Gross, A. Buchter, A. Farhan, M. Buzzi, A. Kleibert,
G. Titiinciioglu, F. Heimbach, A.F.i. Morral, D. Grundler, M. Poggio, Phys. Rev. B 96 (2017)
024423.

To address this problem, in 2018, Stano et al. attempted to realize remanent vortex
states in longer FNTs by exploiting magnetic anisotropy. The authors synthesized
nanocrystalline CoNiB FNTs by electroless plating in porous templates with lengths
up to 30 pm, widths between 300 and 400 nm, and a shell thickness of 30 nm [80].
Magnetic imaging of individual specimens in remanence by both STXM and XPEEM
revealed FNTs in purely azimuthal configurations, consisting of a series of well-
defined vortex domains (Fig. 17.12). These configurations are stabilized by an effec-
tive anisotropy coefficient of the order of 10kJ/m>, likely originating from a
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Fig. 17.11 XPEEM images with kL7 and & || /i of short NTs. (A) 1.3-pm-long Py FNT found in
a global vortex state. (B) 0.73-pm-long Py FNT in an opposing vortex state. (C) 1.06-pm-long
CoFeB NT in a global vortex state. (D) 0.83-pm-long CoFeB NT in an opposing vortex state.
Simulated equilibrium states of FNTs (/ = 610 nm, d = 245 nm) in (E) a global vortex state and
in (F) an opposing vortex state. The color scale corresponds to the normalized magnetization
along y. Arrowheads indicate the local magnetization direction.

Adapted from M. Wyss, A. Mehlin, B. Gross, A. Buchter, A. Farhan, M. Buzzi, A. Kleibert,
G. Titlinciioglu, F. Heimbach, A.F.i. Morral, D. Grundler, M. Poggio, Phys. Rev. B 96 (2017)
024423.

magnetoelastic coupling and/or anisotropic interfacial magnetic anisotropy. This
result means that the strength of this anisotropy and thus the type of remanent mag-
netic configuration (axial or azimuthal domains) can be tailored through annealing or
material composition.

Similar results were reported in 2018 by Zimmermann et al., who combined MR
and STXM to investigate the remanent configurations in NiggFe,o FNTs with lengths
from 10 to 30 pm, a width of 500 nm, and a shell thickness of 30 nm [61]. They found
stable azimuthal configurations, consisting of vortex domains, independent of the
length of the FNTs, again pointing to a stabilizing anisotropy. Analysis of the
MR data and comparison with micromagnetic simulations allowed the determina-
tion of the strength of the magnetic anisotropy for individual FNTs. Using an
AlLO5 buffer layer between the NigoFe,( shell and the template GaAs NW, the
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Nonmagnetic image (linear polarization)

Fig. 17.12 STXM under external magnetic field-anisotropy strength determination. (A—F)
XMCD magnetic images (Co-L3 edge, same contrast range 15%) under axial magnetic field.
With increasing field magnitude, the STXM contrast vanishes, showing that magnetization
rotates toward the axial direction. Around 25 mT is needed for the saturation of tubes along the
axial direction. Field of view (A—G) 6.0 x 1.0 pm? and (H) 4.8 x 0.8 pm>. (G) Nonmagnetic
STXM image (linear polarization of X-rays) highlighting the tubular structure. (H) XMCD
image after removing magnetic field (after sequence A—F). Even at zero field the transition
between neighboring domains is not as sharp as in XMCD-PEEM images; this we attribute to
sample ageing (STXM done 1 year after XPEEM).

Adapted from M. Stano, S. Schaefer, A. Wartelle, M. Rioult, R. Belkhou, A. Sala, T. O. Mentes,
A. Locatelli, L. Cagnon, B. Trapp, S. Bochmann, S. Martin, E. Gautier, J.-C. Toussaint,

W. Ensinger, O. Fruchart, Sci. Post Phys. 5 (2018) 038.

anisotropy could be tuned such that the vortex configuration was less stable to exter-
nally applied magnetic fields. The authors ultimately concluded that the observed
vortex configurations are favored by a tunable growth-induced azimuthal anisot-
ropy, which, in turn, can be understood as a result of a shadowing effect occurring
during growth at oblique angles (Fig. 17.13). Furthermore, the authors showed that
stable vortex domains can be introduced by external magnetic fields and can be
erased by radio-frequency magnetic fields applied at the center of the tubes via a
strip line antenna (Fig. 17.14).

17.5 Scanning SQUID microscopy

Scanning SQUID microscopy is an extremely sensitive method for spatially mapping
the stray magnetic field due to a magnetic sample. Typically, it relies on a scanning
SQUID or pick-up loop with diameter larger than several micrometers. The size of the
scanning sensor, along with its minimal distance from the sample, limits the attainable
spatial resolution. Although nanoSQUIDs have been used to detect the stray field
due to the end of an FNT [74-76], their geometry makes full scanning probe imaging
awkward, because they are usually fabricated by lithographic methods in the middle
of a planar substrate. Recently, however, researchers have succeeded in producing
so-called SQUID-on-tip (SOT) sensors, which allow for nanometer-scale imaging
resolution with demonstrated field sensitivities down to 5 nT/Hz'? [81,82]. These
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Fig. 17.13 Illustration of different states found in FNTs and sketch of the layers deposited on
the GaAs core. (A) While the vortex state (VS) and the uniform state (US) may appear as
magnetic ground states, the onion state (OS) is metastable and can only be entered after the
application of an external magnetic field. (B) Cross-sectional TEM image of sample s1. The
inset shows an enlargement of the border between GaAs and Py. The crystalline structure of Py
can be identified. (C) SEM image of the free-standing, low-density NTs that are individually
selected for the experiments. (D) Hexagonally shaped NTs exhibiting a very smooth surface
after metal-layer deposition. (E) AFM images of the facets reveals a root-mean-squared
roughness of R s = 0.4 nm.

Adapted from M. Zimmermann, T.N.G. Meier, F. Dirnberger, A. Kakay, M. Decker,

S. Wintz, S. Finizio, E. Josten, J. Raabe, M. Kronseder, D. Bougeard, J. Lindner, C.H. Back,
Nano Lett. 18 (2018) 2828-2834.



508 Magnetic Nano- and Microwires

—~40F M\N\

=]

835¢ E
330 Apw=~140 nm -
2250 3
> L ]
© F 1
£ W ? h,¢
] 5 E 1 1 1 1 1 1 3 (D)
0 200 400 600 800 1000 1200 1400
(®) Distance (nm)

Fig. 17.14 XMCD images obtained with STXM at zero applied magnetic field. Black-and-
white contrast corresponds to a magnetization component pointing parallel and antiparallel to
the X-ray beam direction, which is illustrated in panel D. (A) A 210-nm-diameter tube placed on
top of a 1-pm-wide antenna to be able to apply rf-excitation fields. (B) A 500-nm-diameter tube.
Domains are clearly visible for both tube types. (C) An enlarged image section of the 210-nm
tube. A line scan is shown along the red line to estimate an upper bound of the domain wall width
of 140 nm. The lateral size of the X-ray beam is approximately 40 nm. (D) Illustration of the
X-ray beam direction with respect to the NT facet orientation. The excitation rf field is
generated by the strip antenna.

Adapted from M. Zimmermann, T.N.G. Meier, F. Dirnberger, A. Kakay, M. Decker,

S. Wintz, S. Finizio, E. Josten, J. Raabe, M. Kronseder, D. Bougeard, J. Lindner, C.H. Back,
Nano Lett. 18 (2018) 2828-2834.

devices consist of a SQUID fabricated by thermal evaporation on the end of a pulled
quartz capillary. This long and thin device acts as a natural scanning probe that
measures the magnetic flux threading through its loop diameter, which can be as
small as 50 nm.

In 2018, Vasyukov et al. [83] used a scanning SOT to map the stray magnetic field
produced by individual CoFeB FNTs from the sample set first studied by Baumgaertl
et al. [59] (Fig. 17.15). Images were taken as a function of applied magnetic field as
each FNT was led through magnetic reversal and were compared with micromagnetic
simulations (Fig. 17.16). In magnetic fields applied perpendicular to the FNT long
axis, their magnetization appears to reverse through vortex states, that is, configura-
tions with vortex end domains or in the case of a sufficiently short FNT with a single
global vortex. Geometrical imperfections in the samples and the resulting distortion of
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Fig. 17.15 Experimental setup. (A) Schematic drawing showing the scanning SOT, a FNT
lying on the substrate, and the direction of Hy. The CoFeB shell is depicted in blue and the GaAs
core in red. Pb on the SOT is shown in white. SEMs of the (B) the SOT tip and (C) a 0.7-pm-long
FNT. (D and E) Cross-sectional HAADF STEMs of two FNTs from a similar growth batch as
those measured. The scale bars represent 200 nm (B and C) and 50 nm in (D and E).
Adapted from D. Vasyukov, L. Ceccarelli, M. Wyss, B. Gross, A. Schwarb, A. Mehlin,

N. Rossi, G. Tiitiinciioglu, F. Heimbach, R.R. Zamani, A. Kovacs, A.F.i. Morral,

D. Grundler, M. Poggio, Nano Lett. 18 (2018) 964.

idealized magnetization configurations influenced the measured stray-field patterns.
The authors found that finer control of the sample geometry is required to reduce these
distortions and for such devices to be considered as elements in ultrahigh-density mag-
netic storage. Nevertheless, the remanent global vortex state was shown to be robust to
the imperfections of real samples: despite slight distortions, it continues to be dom-
inated by a single azimuthally aligned vortex.

17.6 Magnetic force microscopy

Among the most successful tools for nanometer-scale magnetic imaging is MFM. It
was introduced in the late 1980s as a natural extension of atomic force microscopy.
These days, it is performed in air, liquid, and vacuum and at a variety of temperatures.
Under ideal conditions, state-of-the-art MFM can reach spatial resolutions down to
10 nm [84], though more typically around 100 nm.

The first MFM images of individual FNTs were reported in 2008 by Li et al. [85].
They prepared arrays of single-crystal Co FNTs by electroplating. SQUID
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Fig. 17.16 Magnetic reversal of a 0.7-pm-long FNT (/ = 0.69 pm, d = 250 nm) in a field applied perpendicular to its long axis. Images of the stray-
field component along 7, H,., in the xy-plane 300 nm above the FNT for the labeled values of Hy (A) as measured by the scanning SOT. (B and C)
Numerical simulations of H,, produced by two progressions of equilibrium magnetization configurations with different initial conditions. The dashed
lin delineates the position of the FNT, and the scale bar corresponds to 0.5 pm. (D) Magnetization configurations and contours of constant H,,
corresponding to three values of H,. The configuration on the left is characterized by two vortices in the top and bottom facets, respectively. The
middle and right configurations are distorted global vortex states. Arrows indicate the direction of the magnetization, while red (blue) contrast
corresponds to the magnetization component along Z (—Z).

Adapted from D. Vasyukov, L. Ceccarelli, M. Wyss, B. Gross, A. Schwarb, A. Mehlin, N. Rossi, G. Tiitiinciioglu, F. Heimbach, R.R. Zamani,
A. Kovacs, A.F.i. Morral, D. Grundler, M. Poggio, Nano Lett. 18 (2018) 964.
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magnetometry and selective area electron diffraction measurements on the array of
FNTs lead the authors to conclude that their FNTs occupied vortex-like flux-closure
configurations in remanence. This conclusion was supported by the presence of a
magnetocrystalline anisotropy perpendicular to the FNT long axis in these samples.
They also interpreted the weak MFM contrast produced by an individual FNT as fur-
ther evidence of a remanent global vortex state, whose flux-closure configuration
should produce no stray field.

As shown later by Stano [86], the weak MFM signal produced by the FNT was
likely due to the difficulty in achieving pure magnetic contrast. Under typical
conditions—especially for nonplanar samples such as FNTs—spurious topographic
or electrostatic contrast can be misinterpreted as magnetic signal. Note that X-ray
microscopies and scanning SQUID do not suffer from this limitation. In his later work,
Stano also imaged individual FNTs by MFM. He studied the same CoNiB FNTs
imaged by himself and coauthors using STXM and XPEEM. His MFM images con-
firmed the presence of stable remanent azimuthal configurations, consisting of vortex
domains, independent of the length of the FNTs.

17.7 Conclusions and outlook

As discussed in this chapter, a number of techniques capable of measuring individual
FNTs have emerged in the last decade. The resulting measurements have been crucial
in clarifying how close real FNTs are to exhibiting the magnetic properties predicted
by theory. In particular, early MR and DCM measurements were not fully consistent
with theoretical predictions, suggesting that the roughness and ill-defined ends of real
FNTs were playing an important role. This hypothesis was later confirmed in follow-
up DCM, XPEEM, and SOT experiments, which showed a nearly ideal magnetic
behavior, once roughness was reduced and the FNT ends were properly defined. Nev-
ertheless, these measurements also showed the role of residual defects and imperfec-
tions in distorting the equilibrium magnetization configurations predicted by theory
and—in some cases—in stabilizing configurations that were not predicted. Most
recent experiments on single FNTs including STXM, XPEEM, and MR have shown
how interfacial anisotropy, which can be controlled during growth, can help to stabi-
lize vortex-like flux-closure configurations. This stabilization mechanism can be
exploited to counteract the destabilizing effect of sample imperfections and, ulti-
mately, to make devices with a robust and reproducible magnetic behavior.

It is now clear that the push by several research groups to measure the magnetic
behavior of individual FNTs has had a strong impact on our understanding of how
best to fabricate FNTs and how to adjust theory to better reflect the behavior of real
devices. Many of these insights would not have been possible without single-specimen
sensitivity, that is, using only magnetization measurements of large arrays. Neverthe-
less, much work remains before FNTs can be integrated into three-dimensional mem-
ory devices or used in magnonic devices. For example, further measurements should
be carried out to understand the role of defects in FNTs and how they lead to magnetic
pinning. This may require the application of magnetic imaging techniques with
improved spatial resolution compared with what has been used until now. Imaging
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experiments combining both high spatial resolution and large frequency bandwidth
will also be crucial for investigating domain wall motion and the propagation of spin
waves in FNTs.

Given that the first steps toward measuring single FNTs have now been taken using
a wide variety of techniques, it is likely that the next stage of experimental develop-
ment will bring a number of improvements in the application of each technique. These
improved measurements will undoubtedly lead to new physical insights into these fas-
cinating and potentially useful magnetic nanostructures.
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