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Ferromagnetic nanowires are finding use as untethered sensors and actuators for probing
micro- and nanoscale biophysical phenomena, such as for localized sensing and application of
forces and torques on biological samples, for tissue heating through magnetic hyperthermia,
and for micro-rheology. Quantifying the magnetic properties of individual isolated nanowires
is crucial for such applications. We use dynamic cantilever magnetometry to measure the
magnetic properties of individual sub-500nm diameter polycrystalline nanowires of Ni and
NigoCoyo fabricated by template-assisted electrochemical deposition. The values are compared
with bulk, ensemble measurements when the nanowires are still embedded within their
growth matrix. We find that single-particle and ensemble measurements of nanowires yield
significantly different results that reflect inter-nanowire interactions and chemical
modifications of the sample during the release process from the growth matrix. The results
highlight the importance of performing single-particle characterization for objects that will be

used as individual magnetic nanoactuators or nanosensors in biomedical applications.
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1. Introduction

Magnetic nanostructures are ideal platforms for transducing external control signals to
target sites deep within biological tissues. Physical forces and torques exerted on these
magnetic agents by spatio-temporally designed magnetic fields are used for their locomotion
and site-targeted localization in bodily fluids!' . Body-endogenous and exogenous magnetic
nanoparticles have enabled on-demand in vivo triggering of localized hyperthermial®,
neuronal stimulation’® and activation of cellular signaling pathways!™. In vitro, they are
used as wireless actuators to exert and measure forces and torques on single molecular

[9] [10-12]

systems", and on individual cells to investigate their mechano-responsive behavior .

Additionally, they are increasingly used as mobile sensors for probing local microrheological

[13,14]

properties . The application of nanomagnetic components in structures with fluidic

mobility, incorporating sensing, actuation and advanced on-demand functionalities is known

. . 1
as magnetic nanorobotics''.

While the majority of current magnetic particle-based biophysical assays have used pm and
sub-um sized spherical superparamagnetic, paramagnetic and ferromagnetic particles,
magnetic nanostructures in a variety of geometries like helices, coils, solid wires and chains
of beads have been investigated for their enhanced mobility and maneuverability in fluids!'®"
¥l An important class of magnetic nanostructures for these applications is solid ferromagnetic
nanowires, with sub-500 nm diameter and sub-50 um length, as they are optically visible in
vitro and allow for generation of a large magnetic force per unit volume compared to
commercial magnetic particles. In addition, their large geometric aspect ratio tailors their
magnetic anisotropy allowing for application of torques and wrenching motion on tethered
cells and molecules. They have also demonstrated enhanced hyperthermia effect!***!!

compared to superparamagnetic iron oxide nanoparticles (SPIONS)!.

The quantitative measurement of the magnetic properties of individual isolated nanowires,
including the magnetic moment, saturation magnetization, remanence, coercive field and
saturation field, is crucial if they are to be used as quantitative force-torque actuators and
sensors for mechanobiology or microrheology, as the torque and force exerted by an external
magnetic field or gradient on a free floating or biologically tethered structure is directly
related to the total magnetic moment by T = m(B) X B and F = m(B) - VB respectively.

Furthermore, the magnetic hysteresis loop of single nanowires is a direct measure of the heat-
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generation capability for magnetic hyperthermia. The quantification of magnetic properties of
individual nanowires by either experimental or computational means is difficult.
Experimentally, the flux from an individual nanowire is orders of magnitude smaller than the
noise level of commercial instruments like the vibrating sample magnetometer (VSM) or the
alternate gradient magnetomer (AGM). Computationally, the overall objects’ dimensions
approach the material grain-sizes, causing bulk-magnetic modeling assumptions of grain
orientation and randomization to become invalid****). The objects are also typically too large
for a strict single-domain assumption to hold at low fields.

We use dynamic cantilever magnetometry (DCM)?Y

to analyze individual,
electrochemically grown ferromagnetic transition metal and alloy nanowires. We determine
the saturation magnetization, remanence, coercive fields, saturating fields of electrodeposited
polycrystalline nanowires composed of Ni and NigyCoy. As a method for nanowire
production, electrodeposition offers the widest material generality, geometric tenability,

scalability, and multi-material hybrid compatibility!®*'.

A change of template size offers
direct geometry-tunability from several tens of nanometers to millimeters, spanning a variety
of biological lengths scales. As a method for quantification, cantilever magnetometry has the
important advantage of providing direct and quantitative access to the magnetic moment of
the sample. This is in contrast to other sensitive magnetic measurement techniques like single
nitrogen-vacancy magnetometry>®, superconducting quantum interference device (SQUID)
magnetometry'>"), scanning hall probe microscopy and magnetic force microscopy (MFM),
that all measure stray fields external to, and often at an undefined distance from, a sample.
Anisotropic magneto-resistance (AMR) measurements and Magneto-optical Kerr effect
(MOKE) have also been used to uncover reversal mechanisms in individual nanowires, but
they do not measure the magnetic moment crucial for quantitative force/torque applications.
In addition, cantilever magnetometry can be operated over a wide range of temperatures,
including room temperature. DCM has been successfully applied to sputtered and evaporated
thin films®®!, chemical vapor deposited Fe-filled CNTs*”), atomic layer deposited (ALD) Ni

I, magnetron-sputtered amorphous CoFeB nanotubes®" and evaporated Ni and

[24,32]

30
nanotubes!

Co nanolines

Our nanowires are electrochemically grown by pulse-plating!*! in commercial aluminum
oxide (AAO) templates (see SI and Figure S1). After template etching, the nanowires are

released into ethanol/water, and a drop of nanowire suspension is spotted on a glass substrate.
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The nanowires are then picked up and mounted onto the tips of custom ultrasensitive silicon
cantilevers (Figure 1) using an optical micromanipulation system and fixed using a small dab
of epoxy glue. The spring constants of the cantilevers are in the ranges of 80 — 150 uN/m and
typical mechanical quality factors (Q factors) of the cantilevers at zero field and 4K are in the
range of 20,000-40,000. When better sensitivity is needed, Q can be increased to 200,000 with
proper surface passivation of the cantilever’®”. The beam deflection is monitored using an
optical interferometer. Measurements are conducted at 4K within a high vacuum environment.
The cantilever resonant frequency change, resulting from the torque induced by the magnetic
moment, is tracked under a magnetic field sweep. At large applied fields, the frequency shift
can be modeled by employing a Stoner-Wohlfarth (SW) uniformly magnetized particle

. . . . . 24.34
approximation, given in S.I units, ",

g: .uomsHHk
fo  2koLZ(H + Hy)

€y

where f, is the zero-field frequency, m; is the saturation magnetic moment, k, is the
cantilever spring constant, L, is the effective cantilever length, and Hy, is the effective uniaxial
anisotropy field. The effective anisotropy may include magnetostatic, magnetocrystalline and
magnetoelastic contributions of the sample under investigation. All the measurements are
performed at zero-field cooled condition (ZFC). After the magnetometry measurements, the
cantilevers are transferred to a scanning electron microscope (SEM) equipped with electron
backscatter diffraction (EBSD) and energy-dispersive X-ray spectroscopy (EDX) detectors for

determining the morphology, crystallinity and chemical composition of the nanowires.

2. Results and Discussion

Figure 2 shows the frequency response of an electrochemically grown Ni nanowire
(diameter d = 378 nm, length | = 4.5 um), whose long axis is aligned along the cantilever
axis as schematically shown in Fig. la. The cantilever oscillates in the xz plane while the
magnetic field is swept along the z-axis. This measurement configuration (axial
magnetization) is important from a nanorobotic standpoint where individual nanowires are
mobile in liquid and can physically rotate and align along their long axis (magnetic easy axis)
under an applied magnetic field. The axial magnetization behavior determines the force and
torque capabilities of the nanowire when used as a nanoactuator or sensor. The Af (H) curve
of the Ni nanowire in this axial configuration is cusp-like with an increase in frequency shift

as the field is increased. The curve exhibits high-field (uyH > 0.1T) reversibility with an
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asymptotic behavior, while hysteresis is present at low fields (poH < 0.1T). Two large jumps
in the frequency response are observed at ugH = 28.4 mT and uygH = —25.3 mT. This low-
field discontinuity, where the frequent shift changes sign from negative to positive, is defined

as the switching field (Hgyy 4, Hoy—).

The frequency response at high fields, beyond Hg,,, is fit to Equation 1 with my and H,, as
fit parameters. The estimated saturation magnetic moment m; = 1.547 + 0.15 x 10™3Am’
(mean £ SD) corresponds to an order of 10" pgz (Bohr magnetons) and the effective
anisotropy field is poHy = 0.328 + 0.33 T. The saturation magnetization Mg = m;/V can
then be calculated as poM; = 0.384 £ 0.09 T. The error in volume of the nanowire estimated
from post-magnetometry SEM contributes to the uncertainty in M;. To determine the field
dependence of the volume averaged magnetization M, the above model can be adapted
according to Buchter ef al."¥). In the axial magnetization configuration, the DCM frequency
shift at low fields is proportional to the effective magnetization in the z-direction even in the
presence of possible non-uniform spatial distribution of magnetization within the wire BU The
M(H) loop thus obtained exhibits a bistable hysteresis behavior (Figure 2c¢) with large
remanent saturation magnetization M,,~0.87M;. After magnetic switching, the Ni nanowire
reaches a reversed magnetization state with M (H,,, + & )~ 0.80M,. The coercive field can be
defined as po(Hgy 4+ — Hgy—)/2 and equals 27 mT. The slight asymmetry in the switching
fields may arise due to an exchange-coupled nickel oxide surface layer™™). The divergence of
the M(H) curve near zero field is due to an artifact in division by a very small number.
Another extrinsic magnetic property of interest in magnetic nanorobotics is the saturating
field Hg, defined as the field at which the magnetization reaches 95% of saturation value,

which is 70 mT.

The axial magnetization behavior of the single nanowire measured by cantilever
magnetometry contrasts with the ensemble magnetic measurement of the Ni nanowire array
embedded in AAO template measured with a vibrating sample magnetometer (VSM) (Figure
3). The bistable magnetic behavior of the single nanowire is absent in the ensemble magnetic
loop, which is a direct consequence of the magnetostatic self-interaction of the nanowire
array. The close packing of the wires in the array makes it harder to magnetize them
(Hg ~ 250 mT) and furthermore reduces their saturation remanence to a low value
(M, ~ 0.1M,) as is evident in the extreme loop shear. Analytical models have been developed

to model the effective dipolar interaction field to quantify the behavior of non-interacting
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36371 parameterization of such models is difficult owing to the variation distribution in

wires
pore-size, inter-pore distance, filling fraction and lengths of nanowires in the membrane (see
Figure S1 for SEM images of nanowires embedded in template membrane). The large M, in
the single nanowire measurement reveals that most of the spins are aligned along the long axis
of the wire even after removal of the external field. The energy minimization of this magnetic
spin configuration comes from the fact that the ends of the nanowire, defect locations and
geometric irregularities, harbor non-uniform magnetic states, such as vortices and closure

domains, to minimize the total stray field”*>"!.

Electrodeposition offers the possibility to develop magnetic nanostructures out of alloys and
intermetallics. The nickel-cobalt (NiCo) alloy system is interesting because the overall
magnetic anisotropy can be tuned not only via the nanowire geometry but also by utilizing the
variable magnetocrystalline anisotropy across the alloy composition. Low to high coercivity
can be obtained using Ni-rich (fcc-phase), equal Co/Ni stoichiometry (fcc-hcp mixed phases)

and Co-rich (hcp-phase) alloys respectively!***!!

. DCM is used to probe the magnetic
properties of individual electrodeposited NiggCoyo solid nanowires. DCM is performed on
three wire samples of increasing aspect ratio (NW;: d =309 nm [ = 3.0 um, NW,: d =

345nm [ = 7.2 pm, NW;:d = 358 nm [ = 13.8 um, for SEM images, see Figure S2).

The axial magnetization Af (H) curves of all three NigyCo,¢ nanowires exhibit qualitatively
the same behavior as the Ni nanowire, with high-field reversibility and asymptoticity, and a
pronounced low-field switching event (Figure 4a,b). The increased magnetic moment of the
longer wires results in a relative increase in frequency shift of the measurement cantilever.
The coercive field of the NiCo wires is in the range of pgH, ~ 14 — 18 mT. An example of a
M (H) loop of NW3 is shown in Figure 4c. The extrinsic magnetic properties of all three NiCo

wires are tabulated in Table 1. Analogous to the nickel nanowire, the NiCo wires exhibit a M,.

between 87 - 95 % of My. Approximately 50 - 100 mT is required for an individual NiCo
nanowire to reach saturation. No direct dependence on the geometric-aspect ratio was

observed on H., Hg or on M,..

After magnetometry, the cantilever-bound nanowires were transferred to an SEM for
morphology and volumetric analysis followed by EBSD to determine the crystalline structure
and orientation (Figure 5). The crystallinity was probed using an EBSD raster step size of

10 nm 10nm with a beam acceleration voltage of 20 kV. The diffraction pattern of Ni and
6
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NigoCoy9 matched a FCC index, with crystallite sizes ranging from 10 -100s of nm.
Substantial crystal twinning was observed in the Ni nanowire, with grain sizes relatively
larger than those of NigyCoy9. The EBSD map for a representative NiggCoyo wire, obtained
from the same fabrication batch, was made across its length, and is illustrated for two
locations, namely R; and R,, in Figure 5b. EDX spot-mapping at end locations R; and Rj;
revealed a chemical composition of approximately 80% nickel and 20% cobalt (see Figure
S4). This confirms the uniformity of alloy composition during electrochemical growth and
across the length of the nanowire. The EBSD pole figures reveal that there is no preferential
orientation for the crystallites and that they are randomly distributed for both material
systems. The symmetric FCC structure coupled to the random crystal orientation diminishes
the contribution of magnetocrystalline anisotropy to the overall magnetic behavior of the

nanowire.

The coercive field of all three NigyCoyy nanowires, as observed by DCM, is about 50 % of
the coercive field of the Ni nanowire. This reduction in coercivity by one half is also observed
in the ensemble VSM measurements of the nanowire array (Table 1 and Figure S3). This
clearly establishes the magnetic softening of electrochemically grown NigyCoyp nanowires as

compared to Ni, as was previously reported in the case of electrodeposited thin films'*?. The
large wire diameters (300 - 380 nm, which are much larger than the magnetic coherence
length), the polycrystallinity and the surface roughness of the wires are suggestive of a
magnetization reversal via defect-localized nucleation and domain wall propagation[27’43’44].
The SEM images reveal surface roughness and branching along the length of the wire (Figure
S2). These can serve as nucleation sites for domains with reversed magnetization, due to
enlarged stray fields at these points. Electrochemically grown large-diameter polycrystalline
nanowires are morphologically quite rough compared to other smaller diameter and smooth
elongated nanostructures grown by magnetron sputtering or CVD which magnetically reverse
in a well-predictable manner™>"!. The smaller frequency switching events (Barkhausen-like
jumps) observed in Figure 4b (inset) for NiggCoyp NW,; are indicative of domain wall

nucleation, pinning and depinning events'*). We note that the measured coercivity did not

exhibit aspect-ratio dependence.

The low temperature bulk crystalline values of saturation magnetization (ngMs) is 0.510 T
for Ni[46], and 0.697 T for NigyCoy as established by the Slater-Pauling curve*”! which

dictates a linear increase in M, for increasing Co content in NiCo alloys. On the contrary
7
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DCM estimates of average saturation magnetization (Table 1) are lower than these bulk
crystalline values. Several reasons may be attributed to these reduced estimates. The first is
the unknown volume of surface and internal oxides. The geometrical volume of the nanowires
estimated from SEM images does not yield information on the volume contribution of oxides.
The wet electrochemical deposition process can lead to oxygen inclusion and formation of
internal oxides!*®!. Furthermore stochastic oxidation during NaOH-based template etching,
and during subsequent storage of the free wires in ethanol/H,0 solvent, and room temperature
drying before cantilever magnetometry, can lead to formation of surface oxides such as NiO,
CoO or Co0,0;. Previous measurements on nickel nanotubes and nanolines by cantilever
magnetometry have also revealed a considerable variation in estimates of saturation
magnetization, ranging from 0.376 - 0.820 T P%*>%) mainly arising from volume
uncertainty. Recent studies have measured a substantial reduction in the relative bulk
magnetic moment when ferromagnetic (Ni and Co) nanowires and commercial magnetic

(49:50] " The post-synthesis process of template

particles where kept in biological solvents
removal and release process can also lead to mechanical damage and breakage of the wires

promoting crack-driven oxidation and corrosion.

In magnetic nanowire applications in mechanobiology!'” or in the microrheological
characterization of complex bio-fluids''¥, the application of the maximum achievable torques
and forces is desirable. This can be achieved by saturating the magnetic moment of the

nanowire. The saturation fields of individual Ni and NiCo wires measured by DCM lie in

between 53 - 118 mT, while the values obtained for the wire ensembles from VSM
measurements exceed 250 mT. The DCM measurements indicate that external magnetic field
generation systems need not exceed fields of 120 mT to saturate the nanowires. Depending on
the operational volume and the field-gradient complexity required for the particular in vitro or
in vivo application, the design of such magnetic field generation and manipulation systems

31531 1t is quite often the case that theoretical bulk magnetic

properties or ensemble measurement data is used for modeling and data interpretation®", as

can be a challenging task!

the measurement of the field dependence of the magnetic moment of individual
nanostructures is difficult. We quantified the lowering and the stochastic oxidation dependent
uncertainty in the saturation magnetization of these nanowires. These measurements pave the
way for use of these and other nanomagnetic materials in quantitative studies in
mechanotransduction and microrheology as the uncertainties associated with the magnetic

moment directly propagate into the forces and torques applied or measured. Finally, the
8
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quantification of the large magnetic remanence and the estimation of the coercive field, hint

the use of pre-magnetized nanowires in sensor-actuator applications.

3. Conclusion

In summary, we investigated the magnetic properties of individual electrochemically-grown
polycrystalline Ni and NigyCopp nanowires. The increased softness and the comparable
saturation magnetization gives NigyCoyy nanowires an advantage over Ni nanowires for
nanoactuator applications as they produce a higher force-torque per unit magnetic field.
Dynamic cantilever magnetometry is an excellent tool for quantitative magnetic
characterization of individual mesoscopic structures in a transition range between bulk and
single domain and in the presence of fabrication-induced stochastic polycrystal fine-structure
formation and oxidation. DCM can provide invaluable feedback to the model-driven synthesis
of advanced magnetic particles and design of magnetic manipulation systems for biomedical

applications.

4. Experimental Section

The fabrication details of the nanowires can be found in the supporting information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Single nanowire cantilever magnetometry. (a) Schematic illustration of the

measurement technique. (b) A NiCo nanowire (NW,) is attached to the cantilever tip for axial
magnetization measurement.
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Figure 2. Cantilever magnetometry of single Ni nanowire (a) Resonant frequency shift as a
function of applied magnetic field (b) Low-field (uoH < 50mT) frequency switching event
(c) The corresponding magnetization loop of the Ni nanowire. Solid black lines guide the eye.
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Figure 3. Single nanowire magnetometry compared to VSM measurements of the Ni
nanowire array in the aluminum oxide templates (magnetic field applied parallel to the
nanowire long axis). The bulk measurements show increased loop shear and low saturation
remanence. Solid black lines guide the eye.
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Figure 4. (a, b) Single nanowire magnetometry (SNM) was performed on NigyCoyp nanowires
of varying aspect ratio (AR). (c) A demonstrative example of the M-H loop of an individual
NiggCoy nanowire. Solid black lines guide the eye.
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Figure 5. SEM and EBSD maps of the nanowires. (a,b) SEM images of the Ni and a
representative NiggCoyg taken right after cantilever magnetometry. The color mapping shows
the distinct grains identified through EBSD in regions (R;), marked with a red box, while the
adjacent sub-figure shows the spatial orientation of the crystallites in a pole figure. The
curvature of the nanowires with respect to the detector leads to certain non-accessible regions
as indicated by the black areas in the color-map. For the color-map to crystallographic
orientation, see Figure S5.

Parameters Ni NigoCo20
NW, NW, NW3
Geometry Length 452 3.01 7.24 13.83
(um)
Average 378 309 345 357
Diameter
(nm)
Cantilever " 1.547+0.15  0.621+0.06 1.407+0.14 3.860+0.38
. +0. . +0. . +0. . +0.
Magnetometry (10™3Am?)
(T=4K)
noMs(mT) 384+94 370+91 26465 353+86
woH, (mT) 29 14.4 16.2 15.8
?r?#? 305 300 180 256
’/V’N(IH“) 79.4% 81.1% 68.2% 72.5%
S
woM, (mT) 335 350 230 320
M, /M 87% 95% 87% 91%
woH, (MT) 70 53 118 91

WoH, (T)  0.328#0.03  0.402t0.04  0.398:0.04 0.44410.04
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Vibrating Mol 20.95 10.70

Sample (T=103K)

Magnetometry A,

(VSM) ('IQ:SOOK) 18.99 10.57
M, /M; 10% 2.9%

Table 1. Summary of magnetic measurements on single nanowires using DCM and bulk
measurements using VSM. The corresponding nanowire geometries are also tabulated. The
values are reported as mean + SD.
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