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Magnetic Microstructure of Rolled-Up Single-Layer
Ferromagnetic Nanomembranes

Robert Streubel, Jehyun Lee, Denys Makarov,* Mi-Young Im, Daniil Karnaushenko,
Luyang Han, Rudolf Schcifer, Peter Fischer, Sang-Koog Kim, and Oliver G. Schmidt

Inorganic nanomembranes are stretchable [1] shapeable,
and transferrable to virtually any substrate.3* These proper-
ties build the core concept for new technologles that trans-
form otherwise rigid high-speed devices into their flexible
counterparts. Whereas semiconductor nanomembranes have
been implemented in a wealth of different applications, !
magnetic nanomembrane devices are much more scarce. We
recently demonstrated flexible and stretchable magnetoelec-
tronic devices based on thin-multilayer giant magnetoresistive
(GMR) and spin-valve nanomembranes.[*1% By proper strain
engineering, magnetic nanomembranes can also be rolled up
into microtubes.''™¥ In this way, compact three-dimensional
GMR sensors!'>1% for magnetofluidic applications,'! spin-wave
filters,['>17 and remotely controlled microrobots!!® have been
realized.

Apart from their potential for applications, carefully
designed rolled-up magnetic nanomembranes are of great
fundamental interest, since they can be magnetized into
unique radial and chiral configurations.'”! A thorough under-
standing of the micromagnetic properties of rolled-up mag-
netic nanomembranes is lacking, as their magnetic state is
usually derived from macroscopic hysteresis curves.202l [t
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was recently demonstrated theoretically!??! that the speed of
domain walls, for example, in a magnetic racetrack memory,?*!
can be significantly increased when using magnetic wires of
cylindrical cross-section with a diameter of less than 50 nm.
Theoretical studies on closed-tubular and rodlike structures of
sub-100-nm-range diameter reveal that the number of domain
states is considerably reduced from that in larger structures,
which substantially simplifies theoretical considerations.[2242%]
Investigations of larger tubes have not been undertaken, due
mainly to limitations in computing power and the lack of con-
sistent experimental data. The magnetic microstructure of a
rolled-up tube is expected to be more complex than that of a
closed one. Recently, first experimental studies were carried
out to identify magnetic states in individual tubular structures
of 150 nm diameter prepared by anodization. Even for these
rather small tubular architectures, the authors had to consider
six distinct magnetic states in explaining their experimental
findings.[?*?”] The present study considers larger diameters of
tubular architectures, which result in an increase both of the
number of possible magnetic states and of their complexity.

Here and for the first time, we reveal both theoretically
and experimentally the magnetic microstructure of rolled-up
magnetic nanomembranes of micrometer-range diameter.
According to the initially deposited layer (single magnetic layer
or heterostructured magnetic-non-magnetic bilayer), two fun-
damentally different rolled-up microtube geometries can be
achieved. In the case of the single magnetic layer a closed tube
is obtained, where the magnetic response between the overlap-
ping layers is governed by short-range exchange coupling as
well as long-range magnetostatic interactions. In contrast, when
an exchange-breaking non-magnetic spacer layer is added, the
magnetic phenomena are determined only by the magneto-
static interaction between adjacent windings of the rolled-up
nanomembrane that depends on the interface roughness (so-
called orange-peel coupling).?®! By tuning the thickness of the
non-magnetic spacer layer, the magnetic interactions between
cylindrically arranged layers can be gradually modified. In the
case of conducting spacer layers, indirect Ruderman—Kittel-
Kasuya—Yosida (RKKY) coupling?®3% might play an important
role in addition to dipolar coupling.

The rolling-up technology relies on thin-film deposition
techniques like sputtering to achieve magnetic tubes with high
structural quality and low surface roughness. This depend-
ence enables us to investigate magnetic properties that are
emergent in tubular architectures, where the domain pattern
is not affected by the structural inhomogeneity due to the
granular nature of the magnetic thin film that leads to pin-
ning of magnetic domains, as known for anodization-based
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Figure 1. Fabrication of rolled-up single-layer ferromagnetic nanomembranes: a) The ferromagnetic film is deposited at an oblique angle onto a sacri-
ficial layer. The internal strain is adjusted to roll-up the single-layer nanomembrane after selective release. b) The diameter of the rolled-up nanomem-
brane is determined by the film thickness. c) Optimized fabrication conditions result in a rolled-up tube yield of more than 90% and negligible spacing
between windings [see also magnified view in (c1)]. c2) A rolled-up Py tube with an approximately 1.2 windings, revealing that the adjacent windings

are in firm mechanical contact over the entire length of the tube.

architectures.?!! Herein, we focus on the investigation of
magnetic states in closed tubes prepared by using rolled-up
technology.

Firstly, we fabricated rolled-up ferromagnetic nanomem-
branes that consisted of a single ferromagnetic layer without
an auxiliary spacer layer between the ferromagnetic windings to
achieve an entirely ferromagnetic architecture. Using Ni and Py
evaporation materials, we tailored both the sign and magnitude
of magnetostriction within the nanomembrane, and thus the
strain-induced anisotropy. The final geometry of the nanomem-
branes was predefined by patterning the underlying sacrificial
layer, of positive photoresist (ARP 3510) or Ge, which created
an initial planar, rectangular nanomembrane (Figure 1a). Sub-
sequently, the planar magnetic nanomembranes rolled-up and
formed into compact tubes without a gap between the windings
(Figure 1cl and 1c2). The oblique incidence of the evaporated
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magnetic material at an angle of 60° with respect to the surface
normal, along with an increasing deposition rate (0.4-1.5 A s7),
induces a compressive strain within the magnetic film parallel
to the incidence plane. The strain is largest at the bottom sur-
face of the film and smallest at the top. This gradient is crucial
to initiation of the rolling process in N-methyl-2-pyrrolidone
(NMP) when using photoresist, or in 3% H,0, when using
the Ge sacrificial layer. To prevent collapse of the tubes during
drying, the solvent was replaced by CO, that had been dried at
its critical point. Tube diameters in the 2-16 um range were
obtained by varying the film thickness of Ni and Py from 5 to
40 nm. For a film thickness larger than 10 nm, a linear relation
between thickness and tube diameter was observed (Figure 1b).
The deviation from the linear trend for very thin layers is due
to the saturation of the strain within the polycrystalline film.
The error bars reflect the distribution of the tube diameters.
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Figure 2. Magneto-optical characterization of rolled-up tubes: a) Magnetic hysteresis loops measured using longitudinal MOKE magnetometry of
extended Fe-rich Py films (dashed lines) and rolled-up nanomembranes (symbols). The magnetic-domain patterns were visualized by Kerr microscopy
and imaged at remanence after ac demagnetization of the samples: b) Fe-rich Py with magnetization along the tube axis and c) spiral-like magnetic
domains with oblique magnetic-domain walls in a shorter rolled-up Fe-rich Py nanomembrane. The inset in (c) illustrates the limitation of visualization
(blue area in focus) when using Kerr microscopy on tubular architectures. d) Ni tubes with azimuthally aligned 180° magnetic domains.

Figure 2a shows the magnetic hysteresis loops of a 20 nm-
thick Py nanomembrane rolled up into a 100 um-long tube
of 7 um diameter and consisting of 2.5 windings. Hysteresis
loops taken of a reference sample before rolling are also given.
The spot size of the focused beam in the MOKE set-up was

Optimized preparation conditions result in an array of rolled-
up nanomembranes with a yield of more than 90% and negli-
gible spacing between the windings (Figure 1c2).

The magnetic properties were investigated by means of lon-
gitudinal magneto-optical Kerr effect (MOKE) magnetometry.
Adv. Mater. 2014, 26, 316-323
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approximately 10 um, which allows us to study the magnetic
response of individual rolled-up architectures. This method
brings obvious advantages compared to the commonly applied
integral magnetic characterization methods (e.g., vibrating
sample magnetometry (VSM)), where the signal provides only
information averaged over a large array of tubes. The MOKE
measurements were performed by applying an external mag-
netic field parallel (0°) and perpendicular (90°, in-plane) to the
tube axis. The coercive fields of the evaporated Py samples of
about (10.0 £ 0.2) kA m™ (Figure 2a) are substantially larger
than those typically obtained for magnetron-sputter-deposited
Py films.3% Due to the larger evaporation pressure of nickel (Ni)
than iron (Fe) , e-beam vapor deposition of a permalloy target
(original composition: NigyFe,) results in an NiFe alloy with an
Fe concentration exceeding the original one (hereafter, Fe-rich
Py film).3%l These magnetic films exhibit a positive magneto-
striction constant**! that imparts strain-induced uniaxial anisot-
ropy to the system. An analysis of the hysteresis loops of the
planar nanomembrane (dashed lines) reveals a magnetic easy
axis in the rolling direction (0°). The strain-induced anisotropy
constant can be estimated from the area under the hard-axis and
easy-axis hysteresis loops, resulting in Kp = (10.1 £ 0.5) k] m™3
and Kp = (7.5 £ 0.5) k] m™ for the planar and rolled-up
nanomembranes, respectively. By using these values, we have
estimated the compressive strains in the deposition direction
as & = (9 £ 3) %o and &r = (7 + 2) %o. To calculate the strain,
the equation for the magnetostrictive anisotropy K = 3/2A€Y is
applied, with the magnetostriction constant A = 5 x 107 and
the Young's modulus Y = 100 GPa for electroplated Py.3*3
Interestingly, the coercive field of the rolled-up nanomembrane
measured in the easy-axis direction, Hc = (6.1 £ 0.2) kA m,
was found to be smaller than that of the reference planar film,
Hep = (10.0 £ 0.2) kA m™. We attribute this observation to the
fact that the transformation from planar into rolled-up archi-
tecture is accompanied by the lowering of the strain-induced
anisotropy as discussed above.

The peculiar magnetization configurations of the rolled-up
nanomembranes were visualized by Kerr microscopy. Due to
the limited probing depth of this imaging technique,®® only
information about the magnetic state of the outer layer of the
three-dimensional rolled-up architecture can be obtained. Kerr
microscopy is widely used to investigate the ground state,
switching behavior, and magnetization dynamics in planar
magnetic films. Here, we show that this method is also suitable
for the observation of magnetization configurations on curved
magnetic surfaces of rolled-up architectures with a diameter
down to 10 um. Due to the curvature, only a narrow stripe on
top of the tube can be focused during imaging [Figure 2, inset in
(©)]- The magnetic-domain patterns in Fe-rich Py and Ni rolled-
up nanomembranes (length: 100 pum; diameter @: 12 pm),
obtained at remanence after ac demagnetization, are shown
in Figure 2b and 2d, respectively. The magnetization orienta-
tion within the dark and bright domains is indicated by arrows.
For a rolled-up nanomembrane of 100 um length, a magnetic
domain pattern with magnetization in domains oriented along
the tube axis is observed (longitudinally magnetized domains).
By changing the dimensions of the planar nanomembrane, we
tailor the length of the rolled-up architecture, thereby altering
the magnetic shape anisotropy of the sample. A Kerr microscopy
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image of the rolled-up Fe-rich Py tube of 50 um length and
20 um diameter is shown in Figure 2c. The magnetic contrast
reveals a domain pattern with obliquely aligned domain walls,
which can be attributed to the spiral-like magnetic domains.
Furthermore, the experimental study shows that, while the
magnetic moment of rolled-up Fe-rich Py is aligned preferen-
tially along the tube axis, the Ni sample manifests azimuthally
aligned 180° domains (Figure 2d). The domain type (longitu-
dinal, azimuthal, or spiral-like) was found to be independent
of the tube diameter in the investigated range from 2-16 um
(not shown). This observation can be understood as follows: the
orientation of the magnetic moment in the domains is along
the easy axis, which is defined by the interplay between the
stress-induced and shape anisotropies. The shape anisotropy
in hollow tubular structures is determined mainly by the thick-
ness of the magnetic membrane and the length of the tube.
Our results indicate that the most efficient way to tune the
type of domains is to change the length of the rolled-up tube as
shown in Figure 2.

The experimentally observed domain structures for the
rolled-up Py and Ni nanomembrane are well reproduced by
micromagnetic simulations. We simulated the magnetic micro-
structure of rolled-up tubes using the FEMME software.?’”l The
remanent magnetic states are obtained by zero-field relaxation
from two initial magnetization patterns: 1) a random distribu-
tion of magnetic moments, and 2) a predefined two-domain
magnetic state. The planar 20-nm-thick nanomembranes are
rolled up into tubular architectures of 600 nm diameter and
2500 nm length. The dimensions of the simulated structures
are smaller than the experimental ones due to computational
limitations. However, the chosen dimensions are sufficiently
large to qualitatively capture the governing physics. In fact,
dimensions of already hundreds of nanometers are sufficiently
large to contain the typical local spin patterns of magnetic
domain walls, as well as vortex and antivortex spin configura-
tions.’** The material parameters of permalloy (Py, Nig,Fe,q
alloy) are assigned to the models: saturation magnetization
860 kA m™!, exchange coefficient 13 p] m™.1*J Based on the
experimental data, a small uniaxial anisotropy along the tube
axis of 6 k] m™3 is taken into account. Since the value used for
the magnetic anisotropy constant was adopted from the experi-
ment, it includes also magnetostrictive contributions.

In the case of tubes without spacer (as in the experiment),
Landau-closure-domain structures are formed after relaxation
from both initial configurations (Figure 3a,b). There is, how-
ever, a significant difference in the structure and orientation of
the basic domain walls: obliquely running, low-angle Néel walls
are found after relaxation from random initial magnetization
(Figure 3a), whereas relaxation from a two-domain state results
in 180° domains that are separated by cross-tie-type domain
walls (Figure 3b). Both wall types are attributed to the specific
wall energy of Néel walls, which are expected in our films with
a thickness of 20 nm. Geometrically, domain patterns with 180°
Néel walls that run along the tube axis would lead to the lowest
wall length, but a 180° Néel wall can significantly save energy
by forming cross-ties. A cross-tie wall consists of alternating
segments of low-angle Néel walls (the specific wall energy of
a 90° Néel wall is only 12 % of that of an 180° wall®® that is
separated by vortex and antivortex spin configurations, which
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Figure 3. The magnetic domain patterns of rolled-up permalloy and Ni
nanomembranes for the model without a spacer. The domain configu-
rations for the permalloy tube were obtained from two initial magneti-
zation patterns: a) random distribution of magnetic moments and b) a
predefined two-domain magnetic state, wherein half of the spins point in
the +z and the other half in the —z direction. The local spin orientations
inside of the white boxes are magnified on the right side, with indica-
tions of Néel wall (NW), vortex core (VC), and antivortex core (AVC).
c) Remanent domain pattern of the Ni tube after relaxation from the
random initial state.

contribute to the total wall energy. In the magnetic pattern
shown in Figure 3a, a low-angle, homogeneously magnetized
Néel wall is formed that runs oblique to the tube axis. From
our micromagnetic calculations, the total energy of the oblique
domain structure is slightly lower than that with the cross-tie
walls (AE = (-2.105) — (-1.927) = -0.178 k] m™). The nega-
tive sign of the energy originates from the definition of anisot-
ropy energy E,,; in FEMME, where the maximum anisotropy
energy is zero; therefore, E,,; is negative when some mag-
netization vectors in the model align along the easy axis. Both
cross-tie and oblique low-angle walls are only favorable for very
low magnetic anisotropy, which applies to our tubes. There is
a significant difference with respect to flat patterned elements:
a magnetization configuration as in Figure 3a would not be
possible in a regular low-anisotropy rectangular element with

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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some longitudinal anisotropy. In such a case, the magnetiza-
tion is parallel to the element edges to avoid edge poles, thus
enforcing a 180°-wall basic domain pattern. The additional
degree of freedom of oblique low-angle domain walls is only
possible for tubular geometry.

Considering the energy contributions, the oblique domains
would be less preferable when the anisotropy along the tube
is increased, for example in the case of field- or strain-induced
anisotropy or shape anisotropy (longer tube). These simula-
tion data correctly capture experimental findings on Fe-rich
Py tubes (Figure 2b,c). Indeed, the magnetization is aligned
along the tube axis when the tube is long (the combined effect
of the shape- and stress-induced anisotropies), and, when the
shape anisotropy decreases, there is a clear state with oblique
magnetic-domain walls. The magnetic state characteristic of
the rolled-up Ni nanomembrane can be captured by simulation
as well (Figure 3c). The cause of the azimuthally aligned 180°
domains is the negative magnetostriction coefficient, which
results in a 90° rotation of the easy axis with respect to Fe-rich
Py films.

To obtain information on the magnetization reversal behavior
of the entire rolled-up nanomembrane, electrical transport
measurements were conducted on individual rolled-up Fe-rich
Py and Ni single-layer architectures. The tubes were transferred
onto electric contacts with the aid of a micromanipulator in a
cross-beam workstation, and were contacted using focused-ion-
beam (FIB)-activated Pt deposition (Figure 4a). Measurements
were performed by application of a 10 mA dc current to the
sample, which corresponds to a current density of about 10° A
cm™. Magnetoresistance (MR) curves drawn of the Fe-rich Py
sample for two different perpendicular alignments with respect
to the applied magnetic field (90°; in out-of-plane direction:
oop) match very precisely (Figure 4b). This finding, combined
with the characteristic shape of the MR curve measured with
a longitudinally applied magnetic field (0°), suggests that the
system possesses a uniaxial magnetic anisotropy with an easy
tube axis, similar to the observation by Riiffer et al.l%l The two
minima on the MR curve obtained in the longitudinal magnetic
field (0°) correspond to the coercive field values of the MOKE
magnetic hysteresis loop (Figure 2a). The magnetoresistive
response of the rolled-up single-layer Ni nanomembrane of the
same dimensions is substantially different from that in the case
of Fe-rich Py (compare Figure 4b,c). Additional to the strongly
modified response along the tube axis (0°), the measured curves
perpendicular to the tube exhibit hysteresis, as expected for azi-
muthally magnetized architectures, which thus confirms the
conclusion drawn from the MOKE measurements.

The versatility of the proposed fabrication technology allows
the preparation not only of closed tubes, but also tubes with a
spacer. We realized tubular structures out of a single 10-nm-
thick Ni nanomembrane, which is rolled into a tube with a
spacer between the windings (not tightly rolled tubes). To
achieve this type of rolling process, the deposition procedure
was slightly modified by using Ni alloyed with a small amount
of carbon. The addition of C reduces the strain in the metal
film, which in turn increases the diameter of the tubular archi-
tectures. As a result, the saturation magnetization is reduced
but the size of the magnetic domains also decreases below the
resolution limit of magneto-optical microscopy. To gain detailed

Adv. Mater. 2014, 26, 316-323
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to resonant X-ray absorption L-edges for
typical magnetic materials, such as the 3d
transition metals Fe, Co, Ni. As this is a
photon-only technique, magnetic fields can
be applied during recording, which allows
saturation of the magnetization in the speci-
mens. The micrographs shown in Figure 5
are the first reported M-TXM images of
three-dimensional magnetic structures, indi-
cating the potential of this new approach.
Two series of samples were characterized:
1) with the tube axis along the anisotropy axis
and 2) with the tube axis perpendicular to
the anisotropy axis. With the magnetic easy

Manipulator

axis perpendicular to the tube axis, small azi-

Resistance [(2]

Fe-rich Py

muthally aligned 180° magnetic domains can
be clearly observed in Ni tubes (Figure 5a).
This finding is similar to the observation
in Figure 2d. In contrast, when the easy
axis is aligned along the tube axis, longitu-
dinal domains are measured (Figure 5Db).
This case is similar to the case of Fe-rich Per-
malloy tubes (Figure 2b).

We have investigated both theoreti-
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domain patterns emerging in rolled-up mag-
netic nanomembranes with and without
non-magnetic spacer layers. The magnetic
response of the rolled-up architecture with
a non-magnetic spacer is governed by mag-
netostatic interactions. In contrast, the
magnetic behavior of closed tubes without
a spacer layer is driven by exchange inter-
actions. Interestingly, a clear degeneracy of
‘ magnetic ground states was found theoreti-
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Figure 4. Electrical-transport measurements through individual rolled-up architectures:
a) Transfer of a rolled-up nanomembrane with the aid of a micromanipulator (top panel)
and the measured contacted tube (bottom panel), magnetoresistance curves of rolled-up

20-nm-thick b) Fe-rich Py, and c) Ni single-layer nanomembranes.

insight into the magnetic switching behavior of those samples,
high-resolution magnetic full-field soft X-ray transmission
microscopy (M-TXM), was performed using beamline 6.1.2.
(XM-1) at the Advanced Light Source in Berkeley, CA, USA.
This imaging technique combines elemental and magnetic
sensitivity due to X-ray magnetic circular dichroism, which is
used as a strong magnetic contrast mechanism with high spa-
tial and time resolution,*>*4 where state-of-the-art Fresnel zone
plates as optical elements have demonstrated a spatial resolu-
tion down to 15 nm*! for magnetic imaging. Here we report
the first attempt to use M-TXM for magnetic tomography, by
applying a through-focus scanning mode by taking advantage
of the depth of focus of the zone plate objective lenses used
here below 1 um and a penetration length of several 100 nm for
X-rays with energies of about 1 keV. These values correspond

Adv. Mater. 2014, 26, 316-323
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40 cally in the case of closed-tube structures.
We fabricated rolled-up single-layer ferro-
magnetic nanomembranes of micrometer-
range diameters. By using materials with
different magnetostriction constants (i.e.,
Ni and Fe-rich Py) and varying the shape

(@) Ni:C - azimuthal _(b) Ni:C - longitudinal
. -1 ' B

Figure 5. M-TXM images of a 20 nm-thick rolled-up Ni film alloyed with
carbon. Magnetic easy axis is a) perpendicular and b) parallel to the tube
axis. Imaging is carried out at remanence. Red line in (a) schematically
shows the winding of the tube. Orientation of the magnetic moment in
the experimentally visualized magnetic-domain pattern. The magnetic
pattern in panel (b) is color coded as in Figure 2.
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of the nanomembranes, various magnetic-domain patterns,
such as magnetic spirals of various angles and azimuthally
magnetized architectures, were created. We have found that
the domain patterns characteristic of rolled-up architectures
have a strong impact on their magnetic response and trans-
port properties.

Azimuthally magnetized rolled-up nanomembranes are very
attractive for application to magnetoimpedance-based field
sensors, due to their enhanced and isotropic sensitivity com-
pared with planar architectures. The fabrication of rolled-up
single-layer magnetic architectures is of fundamental signifi-
cance and its implications will extend far beyond the scope of
the present work. One example is the prediction that in tubular
structures unconventional magnetization dynamics may occur
such as chirality-dependent domain-wall motion?* enabling a
Cherenkov-like effect for magnons in tubular architectures.’]
Experimental verification of these theoretical predictions not
only requires substantial downscaling of rolled-up nanomem-
brane diameters, which may be achieved with epitaxially
strained bilayers;*?! the development of suited characterization
techniques, such as magnetic X-ray tomography, will become
essential.
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