Cantilever magnetometry of individual Ni nanotubes
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Abstract

Recent experimental and theoretical work has focused on ferromagnetic nanotubes due to their
potential applications as magnetic sensors or as elements in high-density magnetic memory. The
possible presence of magnetic vortex states — states which produce no stray fields — makes these
structures particularly promising as storage devices. Here we investigate the behavior of the mag-
netization states in individual Ni nanotubes by sensitive cantilever magnetometry. Magnetometry
measurements are carried out in the three major orientations, revealing the presence of different
stable magnetic states. The observed behavior is well-described by a model based on the presence
of uniform states at high applied magnetic fields and a circumferential onion state at low applied
fields.
Keywords: Magnetic nanotubes, cantilever magnetometry, magnetic tubular architectures, nano-

magnetic states



The synthesis and investigation of ferromagnetic nanostructures has been motivated
both by a large number of potential applications and by fundamental questions about
the physics of nanometer-scale magnetism. Magnetic nanoparticles have potential biologi-
cal and biomedical applications!™®, applications in high-resolution magnetic imaging”?, as
magnetic sensors!’, and as dense magnetic storage medial!. At the same time, the low-
dimensionality of these structures results in magnetic configurations not present in macro-

12715 In particular, magnetic nanotubes distinguish themselves from mag-

scopic magnets
netic nanowires in that they support core-free magnetic states. Such configurations avoid the
magnetic point singularity along the axis of the structure'®, thereby resulting in a fast and
controllable reversal process!”. In addition, previously unforeseen dynamic effects are possi-
ble in nanotubes. Domain walls moving in nanotubes are predicted to avoid Walker break-
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down and give rise to Cherenkov-like spin wave emission'®. 9

Both numerical simulations®

and analytical calculations?%:?!

show that the tubular geometry favors two main in-plane
states: a uniform axial state (UAS) with the magnetic moments pointing along the tube
axis and a global vortex state (GVS) with moments pointing circumferentially around the
tube. Due to their flux-closure configuration, vortex states produce much lower stray fields
than uniform states; as a result, magneto-static interactions between nanomagnets could
be reduced resulting in densely packed magnetic memories. Further possibilities include
a multi-domain state (MDS)!'” composed of a mixture of uniform and vortex domains, an
onion state (0S)** consisting of two oppositely oriented circumferential domains, and uni-
form states in which all magnetic moments align along the applied field. For nanotubes with
tailored magneto-crystalline or interfacial anisotropy a radial out-of-plane state (ROS), in
which magnetic moments align along the tube radius, is also possible. Here we present
experimental measurements of individual Ni nanotubes supporting the presence of various
states including uniform states, the MDS, and the OS.

We use sensitive dynamic-mode cantilever magnetometry?* to investigate the magnetic
states of the nanotubes. Our approach allows us to measure the moment, anisotropy, and
switching behavior of a single Ni nanotube as a function of applied magnetic field and ori-
entation. Until recently, magnetization measurements had only been carried out on large

25731 Due to the distribution in size and orientation,

ensembles of ferromagnetic nanotubes
these measurements are difficult to interpret. In 2012, Riiffer et al. probed the magnetic

states of a single Ni nanotube in transport measurements using the anisotropic magnetore-



sistance effect?®. Here we use a different method to measure the magnetization and effective
magnetic anisotropy of individual Ni nanotubes, shedding further light on their magnetic
states. Due to its high sensitivity, cantilever magnetometry is well-suited for the detection
of the weak magnetic response of a variety of nanometer-scale systems. We note recent
measurements of the persistent currents in normal metal rings®?, of the magnetization of su-
perconducting nanostructures®®, and of magnetization reversal in a single iron-filled carbon
nanotube®* and a single Ni nanorod®®.

Cantilever magnetometry experiments are carried out in a vacuum chamber with a pres-
sure below 1 x 10~% mbar at the bottom of a “He cryostat. A superconducting magnet allows
the application of an external magnetic field uoH of up to 6 T along the cantilever axis 2.
Each single Ni nanotube that we investigate is affixed to the tip of an ultra-soft cantilever
(see supplementary material, Fig. S1, and Fig. S2) with less than 100 L of epoxy (Gatan
G1) applied under an optical microscope by means of precision micromanipulators (Nar-
ishige MMO-202ND). The nanomagnets are produced by atomic layer deposition (ALD) of
Ni on a nanowire template made of GaAs* (see Fig. 1). Since the GaAs nanowires have the
shape of a slightly sloped truncated cone, the 20-um-long nanotubes have an outer diameter
which narrows from around 360 nm at one end to 280 nm at the other. The thickness of the
Ni shell is just over 40 nm (see supplementary material, Table S1). The single-crystal Si can-
tilevers used here are 150 ym long, 4 um wide, and 0.1 pgm thick and include a 18-pm-long,
1-pm-thick mass on their end®. The motion of the levers is detected using laser light focused
onto a 12-um-wide paddle near the mass-loaded end and reflected back into an optical fiber
interferometer”. 100 nW of light are incident on the paddle from a temperature-tuned 1550
nm distributed feedback laser diode. At T' = 4.2 K and ugH = 0 T, the nanotube-loaded
cantilevers have resonant frequencies fy = wy/(27) between 2 and 3 kHz and intrinsic qual-
ity factors around Qo = 3 x 10*. Their spring constants ky are determined to be close to
60 uN/m through measurements of thermal noise spectra at several different temperatures
(see supplementary material, Table S1). The interferometric cantilever deflection signal is
fed through a field programmable gate array (FPGA) circuit (National Instruments) back
to a piezoelectric element which is mechanically coupled to the cantilever. In this way, we
are able to self-oscillate the cantilever at its fundamental resonance frequency and at a de-

sired amplitude. Self-oscillation allows for fast and accurate measurement of the cantilever

resonance frequency.



We measure fy as a function of H at T' = 4.2 K with a self-oscillation amplitude of
Trms = 40 nm. For such small cantilever deflections x < [., where [, = 105 pum is the
effective cantilever length for the fundamental mode, the Ni nanotube tilts by an angle
0 = x/l, with respect to Z as shown in Fig. 1. The measured shift in resonance frequency
Af depends on the torque acting between the Ni nanotube and H. The experiments are
carried out for identically grown Ni nanotubes mounted on the cantilever tip in the three
major orientations. Configuration 1 corresponds to the nanotube’s symmetry axis z’ aligned
along Z. Configurations 2 and 3 correspond to Z’ aligned along = and 3 respectively, where
Z corresponds to the direction of cantilever deflection. The orientations, samples, and A f
as a function of H are shown in Fig. 2. Note that the three configurations are realized
using three different nanotubes fabricated in the same growth and ALD process; we label
the nanotubes N1, N2, and N3, respectively.

The dependence of Af on H is fundamentally different for each configuration. In con-
figuration 1, Af is positive for large |H| and approaches a constant value. At low fields,
the data show a clear hysteresis with switching occurring through a series of discrete steps
in Af. In the other configurations the dependence is more complex: in configuration 2,
Af becomes negative and for large |H| eventually approaches a constant negative value;
minima in Af are observed near +400 and —400 mT. In configuration 3, Af is positive,
goes through a maximum, and for large | H| approaches a small positive value. Both config-
urations 2 and 3 show hysteresis at low fields. For all orientations, we measure a negligible
dependence of the mechanical dissipation on H beyond that intrinsic to the Si cantilevers?®.
The fluctuation-dissipation theorem implies that magnetic-field dependent dissipation is the
result of magnetic moment fluctuations in the sample or the cantilever. The lack of addi-
tional magnetic fluctuations due to the Ni nanotubes is likely due to their large magnetic
anisotropy.

In order to interpret our data we begin by making the simplifying assumption that our
nanotube behaves as a single-domain magnetic particle, i.e. its magnetization is uniform and
rotates in unison. For high enough applied fields, the nanotube is magnetized to saturation,
and thus this single-domain assumption is valid. We therefore describe the nanotube’s
magnetic state by the orientation of its total magnetization vector M. More complex states
deviating from this assumption will be addressed separately later. Since the Ni nanotube is

polycrystalline and does not exhibit magneto-crystalline anisotropy, we assume the nanotube



to exhibit only shape anisotropy. The total energy of the system can be written as the sum

of the cantilever energy, the Zeeman energy, and an effective anisotropy energy®:
1
E = éko(zeeﬁ — MV H cos(f — ¢) + KV sin® ¢, (1)

where V' is the volume of the nanotube, K is its anisotropy in the plane of the cantilever
oscillation and ¢ is the angle between M and Z’. In order to calculate ¢, we minimize the
energy of the system with respect to this angle. The solutions must satisfy both 0F/d¢ = 0
and 0°FE/0¢? > 0. Although solutions for ¢ are difficult to obtain exactly, since § < 1,
we can expand ¢ as a function of 6 to first order around 8 = 0. We then substitute the
expansion for ¢(#) into the expression for the torque acting on the cantilever, 7 = —0FE /00 =
—kol?0 — HMV sin(0 — ¢). Keeping only terms up to first order in 6 and approximating
the cantilever as a simple harmonic oscillator, we solve for the cantilever’s frequency shift
Af = f— fo, where f is the measured resonance frequency and f; is the resonance frequency
at H = 0. The expected frequency shift as a function of H is (see supplementary material

for full derivation):
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Singularities at H = :I:% reflect the break-down of the small angle approximation and the
solutions become invalid near this field. The first two solutions correspond to M pointing
along £2 respectively. The third solution, valid only for K < 0, corresponds to M along an
easy axis perpendicular to Z (the implication of a negative K) and rotating toward Z with
increasing H.

Using this model based on a single-domain magnetic particle, we can fit the data taken in
configuration 1. The data and the fit function, given by (2), are plotted together in Fig. 3.
wo, ko, and V" are set to their measured values (see supplementary material, Table S1), while
M = Mg = 330450 kA/m and K = 4446 kJ/m? are extracted as fit parameters for sample
N1. Here the effective anisotropy K represents the anisotropy of the easy axis oriented along
the nanotube’s axis of symmetry 2’ in the plane of the cantilever oscillation.

While at high fields (uoH > 100 mT) the measurements are consistent with a UAS, at

low fields the step-like structures shown in Fig. 2 (see also supplementary material, Fig.
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S3) cannot be described by the uniform magnetization model. These discrete magnetization
steps indicate the presence of transition states between the two UASs. In addition, the
number of steps, which occur at slightly different fields each time the field is swept, suggest
the presence of three to five MDSs. According to calculations!”, MDSs are possible and
are configured as depicted in Fig. 3, i.e. they consist of uniform axially saturated domains
separated by azimuthal, or vortex-like, domain walls.

A similar fit using (2) can be made for the data taken in configuration 2 as shown in
Fig. 3. Here K < 0 since H is directed along a hard axis of the nanotube and the cantilever
oscillates in a plane defined by this hard axis and its easy axis Z’. In this orientation and at
sufficiently high field, the magnetic moments in the nanotube will align uniformly along the
applied field forming a uniform transverse state (UTS). The magnetometry measurement
should therefore result in an M equal to that measured in configuration 1 and a K with an
equal magnitude and the opposite sign. In fact, we extract M = Mg = 420 + 90 kA /m and
K = =524+ 11 kJ/m? as fit parameters for sample N2. These values are equal to the values
extracted in configuration 1 for N1 within the error of the measurement, which is dominated
by the difficulty of determining each nanotube’s exact volume. Although (2) describes the
data for large |H|, the measurements deviate from the model at low fields. In particular, for
|poH| < 100 mT the data show a clear hysteresis. According to (2), only one stable solution
of Af exists for K < 0, unlike in the case of K > 0 where two exist for [H| < 25, With
only one stable solution, hysteretic behavior cannot be reproduced; therefore we conclude
that the description of a single uniform magnetization in the nanotube breaks down at low
applied fields. Furthermore, the low-field hysteresis points to the presence of a magnetization
state with positive effective anisotropy for small H.

One explanation for the differing behavior at high and low fields is that while at high
fields the Ni nanotube is uniformly magnetized, at low fields a more complex state emerges.
One possible state, which has been predicted to be stable for such samples at low fields, is
the OS?3. This state is shown schematically in Fig. 3 and consists of azimuthally oriented
magnetization domains separated by axially oriented domain walls. The OS has a total
magnetization M < 5= ["2Mgsin@’ df0’ = 2Mg due to the azimuthal orientation of its
domains and a positive effective anisotropy, related to the energy required to rotate the
azimuthally oriented magnetization domains toward the nanotube axis. The presence of the

OS at low fields could explain the hysteresis observed in configuration 2. Due to its lower



magneto-static energy compared to saturated states, the OS is favored in low magnetic
fields. For this reason we suppose the Ni nanotube to undergo a transition from the OS to
the UTS as a function of increasing |H|. Given the region of deviation between the simple
model and the data, this transition region is likely to be between |pugH| = 0 and 2 T. Here
we hypothesize the presence of a MDS with some segments of the nanotube in the OS and
some in the UTS.

The aforementioned model is also consistent with the data measured in configuration 3
on sample N3. The high field behavior is well described by a UTS with M = Mg = 375
kA/m and a small positive magnetic anisotropy K = 0.90 + 0.25 kJ/m3. Note that we
choose Mg of N3 to be between the values extracted for N1 and N2, since the high field
behavior of the fit in configuration 3 is highly insensitive to M. H is directed along a hard
axis of the nanotube and the cantilever oscillates in a plane perpendicular to its axis of
symmetry z’. For an ideal nanotube in this orientation, no anisotropy should be present
due to its circular symmetry; because of inevitable imperfections of real Ni nanotubes (see
Fig. 1), this symmetry is broken and therefore we measure a small, in this case positive, K.
For small |H| the data deviate from this small positive anisotropy behavior, showing the
presence of an unsaturated low-field state as observed in configuration 2. Hysteresis again
appears for |puoH| < 100 mT and a transition region exists for |uoH| < 2 T. In this case,
the low-field magnetometry points to a state with a larger positive anisotropy in this plane
than the UTS. Once again, this low-field behavior is consistent with the OS. In this plane
the OS has a positive effective anisotropy, related to the energy required to move the axially
oriented domain walls and thus rotate the magnetization around the nanotube axis. The
total magnetization is M < %MS due to the azimuthal orientation of its domains. Frequency
measurements in both configurations 2 and 3 show pronounced and reproducible structures
as a function of H for |ugH| < 1 T. These changes in A f, and thus in magnetic torque, likely
result from the gradual transition of the low-field OS to the UTS throughout the volume of
the nanotube.

A GVS, which has a total magnetization M = 0, should appear in our cantilever mag-
netometry measurements as a range in H for which Af = 0. The ROS, which also has a
total magnetization M = 0 and would produce Af = 0, cannot be achieved since the Ni
nanotubes are composed of an isotropic ferromagnet without crystalline anisotropy. As long

as the GVS is stable for a significant range, i.e. a range greater than 10 mT, it would be



observable in our experiment. In Fig. 2.2 and 2.3 for pg|H| ~ 50 mT, Af = 0 for a small
field range. While this behavior is consistent with the GVS, we cannot exclude that Af =0
might be produced by a MDS with M = 0 or with the appropriate combination of magneti-
zation M and anisotropy K. In minor hysteresis loops of the cantilever magnetometry (see
supplementary material, Fig. S4), we can produce states with Af = 0 for field ranges of up
to 50 mT. Again this evidence is consistent with the GVS, but does not exclude the presence
of other states. On the other hand, Riiffer et al. report evidence for a GVS in similar Ni
nanotubes?. The discrepancy may be due to differences in the geometrical parameters of
the nanotubes, indicating what is already known from numerical and analytical calculations:
the GVS is supported only for nanotubes which meet specific geometric conditions.

In conclusion we have presented experimental evidence for an onion and a multi-domain
state (OS, MDS) in ALD-grown Ni nanotubes. Dynamic cantilever magnetometry mea-
surements of single nanotubes in the three principal orientations highlight the stability of
complex low-field magnetic configurations. The characteristics of these low-field states are
compatible with both the OS and the MDS as predicted by various theoretical works. From
the cantilever magnetometry data above, we cannot unambiguously identify the global vortex
state; a specific MDS may account for the same behavior. From measurements on different
nanotubes, the developed analytical model provides us with consistent values for the satura-
tion magnetization Mg = 375470 kA /m and the anisotropy constant | K| = 48+9 kJ/m? for
the easy axis. The Mg measured in the Ni nanotubes is equal within the error to the value

0

of 406 kA/m known for bulk crystalline Ni at low temperature’. Future high-resolution

x-ray magnetic circular dichroism photoelectron emission microscopy (XMCD-PEEM)!*415
or magnetic force microscopy (MFM)?*4! experiments on such magnetic nanotubes could

provide further evidence for the presence of an OS or a GVS.
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FIG. 1: Top: Schematic diagram showing the oscillating cantilever (gray), laser light from the
interferometer (white), the Ni nanotube (green), and the relative orientations of the cantilever
axis, the applied magnetic field H, and the Ni nanotube magnetization M. Bottom: Transmission
electron micrograph (TEM) (right), and scanning electron micrograph (SEM) (left) of a single Ni

nanotube. Arrows indicate both the maximal inner, and the outer diameter of the Ni shell.
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FIG. 2: Cantilever magnetometry measurements in three major orientations. Each column shows

measurements from one of the major orientations as indicated by the schematic diagrams at the

top; from left to right we show configuration 1, 2, and 3, with optical micrographs of the nanotube

samples N1, N2, and N3. The lower two rows show the corresponding measurements of Af as

a function of H in different field ranges for each configuration. Red (blue) points represent data

taken while sweeping H in the positive (negative) direction.
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FIG. 3: Magnetic state progression and model fits in three major orientations. In the top row we
show schematic diagrams of the magnetization states described in the text. The lower row shows
measurements of Af (blue points) and the fit functions based on (2) (black lines) as a function of

H for each configuration. Red arrows indicate magnetic fields according to the specified state.
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