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Biosensing with ferromagnet-based magnetoresistive devices has been dominated by electrical detection
of particle-induced changes to a device’s (quasi-)static magnetic configuration. There are however potential
advantages to be gained from using field dependent, high frequency resonant magnetization dynamics for
magnetic particle detection. Here, we demonstrate the use of nanoconfined ferromagnetic resonances in
periodically nanopatterned magnetic films for the detection of adsorbed magnetic particles having
diameters ranging from 6 nm to 4 gm. The nanopatterned films contain arrays of holes which appear to act
as preferential adsorption sites for small particles. Hole-localized particles act in unison to shift the
frequencies of the patterned layer’s ferromagnetic-resonance modes, with shift polarities determined by the
localization of each mode within the nanopattern’s repeating unit cell. The same polarity shifts are observed
for a large range of coverages, even when quasicontinuous particle sheets form above the hole-localized
particles. For large particles, preferential adsorption no longer occurs, leading to resonance shifts with
polarities that are independent of the mode localization, and amplitudes that are comparable to those seen in
continuous layers. Indeed, for nanoparticles adsorbed onto a continuous layer, the particle-induced shift of
the layer’s fundamental mode is up to 10 times less than that observed for nanoconfined modes in the
nanopatterned systems, the low shift being induced by relatively weak fields emanating beyond the particle
in the direction of the static applied field. This result highlights the importance of having particles
consistently positioned in the close vicinity of confined modes.
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I. INTRODUCTION

Magnetic biosensing techniques have shown excellent
promise in terms of providing a matrix-insensitive biologi-
cal-detection platform for applications such as (point-of-
care) medical diagnostics [1-3] and food-safety monitoring
[4]. These techniques center on the detection of magnetic
particles which are used as tags for analytes of interest in
(biological) fluids [Fig. 1(a)]. Importantly, the absence of
magnetic backgrounds in the majority of biological fluids
enables magnetic biodetection in minimally processed or
unprocessed samples (see, e.g., Refs. [5-7]). While numer-
ous methods for the electronic detection of nanoparticles
exist [3,8—18], giant or tunneling magnetoresistive mag-
netic-field sensors have garnered significant interest
[1,2,6,19-23]. Conventional sensing approaches using
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such devices are typically based on the magnetoresistive
detection of magnetic-particle-induced changes to the static
magnetic configuration within the device [Fig. 1(b)] [24].
Thus, like Hall-effect sensors [14,15,25], these approaches
offer a sensing method based on detecting changes to a
(potentially modulated) dc voltage level.

However, it is also possible to exploit the magnetic-field
dependence of resonant magnetization dynamics for par-
ticle sensing [26-31]. Indeed, the precession frequency of
the magnetization (which is typically in the gigahertz
range) will be altered by particle-generated magnetic fields
due to an intrinsic magnetic-field-dependence of ferromag-
netic-resonance (FMR) [Fig. 1(c)]. This approach opens the
way for an intrinsically frequency-based, rather than
amplitude-based, sensing technique [26,32]. One potential
advantage of this technique is that the stray magnetic
fields generated by the particles act directly on the
precessing moments, avoiding magnetoresistive sensing’s
requirement of detecting particle-induced changes to the
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FIG. 1. (a) Schematic of a sandwich immunoassay showing a
magnetically labeled biological entity specifically bound to a
chemically functionalized magnetic-field sensor. The nanoparticle
stray field can induce changes to the (b) static magnetization
configuration of a ferromagnetic sensing element or (c) its preces-
sional magnetization dynamics. (d) A spherical magnetic nano-
particle (red) within a hole (white circles) in a hole-based, periodic
magnonic crystal with a geometry equivalent to that studied in
Sec. II B (300-nm-wide holes). Both the particle and the patterned
film are magnetized towards the top of the page. The particle stray
field locally modifies the amplitude of precessional magnetization
dynamics around it. The dynamics correspond to a side-mode
resonance which is localized between the holes. The color encodes
the amplitude of the magnetization precession in the magnetic layer
(red, high; blue, low). Except for the single nanoparticle, there is no
magnetic material within the holes.

magnetic configuration of the system [31]. As a result,
resonance-based sensing can be carried out in the presence
of large external fields where particle-generated fields are
maximized (i.e., sensing can be realized even when the
sensor’s magnetic state is saturated and is therefore
insensitive to small changes in the local field) [31,33].
Furthermore, the use of spin-torque oscillators [26,32]
enables electrical readout of magnetization dynamics in
real time [34-37], potentially enabling high-speed sensing
with sub-100-nm devices [26] for applications such as
cytometry [25,38—40]. Note that one of the FMR modes
used here for particle detection is confined laterally to a
region with a size on the order of 100 x 100 nm?.

This work focuses on magnonic crystals (MCs), which
are attractive systems for exploring the fundamentals of a
resonance-based sensing technique for magnetic (nano)
particles. MCs are magnetic materials which have been
artificially patterned (typically at the nanoscale) to control
spin-wave (magnon) propagation or enable periodic con-
finement of nanolocalized ferromagnetic resonances [41]
[see, e.g., Fig. 1(d)]. High levels of periodicity over large
length scales mean that these systems’ nanolocalized FMR
modes (analogous to those excited in isolated nanostruc-
tures) can be probed easily in laboratory settings in
macroscopic samples (see, e.g., Ref. [42]). Beyond envi-
sioned applications in data and signal processing (see, e.g.,
Ref. [43]), we previously demonstrated that MCs can be

used to understand the influence of magnetic fields
generated by magnetic nanoparticles on highly localized
(“spatially confined”) ferromagnetic resonances [30].
Notably, using a hole-based structure enables the locali-
zation of particles within the holes, with a subsequent
predictable local modification of the resonant precession of
the magnetization in the neighborhood of the captured
particle. An example of this modification can be seen in
Fig. 1(d) as a change in the color-coded precession
amplitude to the left and right of the hole-localized nano-
particle. More recently, similar effects were confirmed
numerically in another hole-based MC geometry [44].

In this paper, we demonstrate the use of nanolocalized
ferromagnetic-resonance modes for the detection of mag-
netic particles with a range of diameters spanning 3 orders of
magnitude: from sub-10-nm superparamagnetic iron-oxide
nanoparticles to 4-ym-wide beads. This particle-size range
also approximates a correspondingly large range of biologi-
cal length scales, from single proteins [45,46] to exosomes
[47] and cells [18,25]. In this paper, we explicitly show the
advantage of using hole-based structures for the localization
of both modes and particles, the latter ensuring a common,
and thus reinforcing effect from individual nanoparticles.
Indeed, we show that the sensitivity can be an order of
magnitude less when using an unpatterned (i.e., continuous)
ferromagnetic layer. There, the dominant effect is from the
stray magnetic field extending relatively far beyond the
particle radius, which is weak compared to that beneath or
directly neighboring each particle. For nanoparticles within a
nanopatterned MC’s holes, however, the localization of
different FMR modes in the regions directly surrounding
each hole can lead to large shifts of the modes’ frequencies,
with the mode localization defining the sign of the frequency
shift. Notably, this shift polarity is maintained and its
amplitude increased at high particle coverages where qua-
sicontinuous sheets of particles form. However, by increas-
ing the particle size to a degree in which the particle cannot
enter the holes, we lose the mode-dependent shift polarities
with all modes behaving similarly to the fundamental mode
of a continuous layer in that their frequencies all increase.
Varying the particle size can thus enable a transition to
filmlike sensing behavior, albeit with multiple modes
existing in the patterned MC. Note that all particles studied
in this work exhibit a quasinull magnetic moment in zero
field (as checked via magnetometry), and thus minimal
agglomeration.

II. METHODS

A. Experimental details

The nanopatterned films studied here consist of square
arrays of circular holes (“antidots”) in a 30-nm-thick
Permalloy (NigyFe,) film with a 5- or 10-nm gold (Au)
capping layer. The array pitch is 450 nm, with hole
diameters of 240 or 300 nm. The large area (4 x 4 mm?)
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MCs are fabricated on silicon (Si) substrates using deep-
ultraviolet lithography, e-beam deposition and lift-off [48].
The continuous layer studied in Sec. III A has the same
composition as the MCs.

FMR measurements of the continuous films and nano-
patterned MCs are obtained using broadband microwave
stripline-based FMR spectroscopy (see, e.g., Ref. [49]), a
technique where resonant magnetization dynamics are
excited in magnetic materials using a radio-frequency (rf)
field, here generated by a rf signal passing through an
underlying stripline. An absorption of microwave power
by the magnetic sample is measured when the frequency of
the rf field matches that of a FMR mode. Here, we use field-
modulated FMR spectroscopy wherein a lock-in amplifier
measures the external field (H.,) derivative of the FMR
response at a constant frequency while sweeping H.,, using
an electromagnet. An interferometric receiver is used to
maximize signal amplitudes [50]. This choice is particularly
important in our measurement since the sample is separated
from the stripline by a microscope coverslip (rather than
sitting directly on the stripline). The coverslip ensures that
particles do notrub off onto the microstripline but reduces the
signal amplitude. H.,, is measured with a teslameter (FH 54;
Magnet-Physik Dr. Steingroever GmbH) and typically swept
between approximately 0 and 350 mT. We note that an
overall decrease in the differential FMR signal is seen when
adding increasing concentrations of particles. To enable a
comparison of traces, the traces are vertically scaled. A small
vertical offset (a few tens of microvolts, at most) also had to
be corrected for in some cases.

Particle detection is carried out for arange of particles with
average or supplier-stated diameters of 6, 50, 130, and
880 nm and 4.14 um (see the Appendix for further details).
Particles are applied in solution to the upper surface of
the film or MC in ambient laboratory conditions outside of
the measurement setup in the absence of an external
magnetic field (H.,, = 0). The solutions are then allowed
to dry before (a) imaging the particle-covered film or MC via
scanning-electron microscopy and (b) remeasuring the FMR
traces. For each frequency and particle coverage, at least
three FMR spectra are obtained. Before each spectrum
measurement, the sample is again physically removed from
the setup and replaced. This enables a determination of the
uncertainty in the resonance field measurement that is
associated with the sample removal and replacement step
which occurs during particle application. This uncertainty is
typically on the order of 0.5 mT or less.

B. Micromagnetic simulations

Micromagnetic simulations are carried out to predict
field-dependent FMR-mode frequencies and spatial pro-
files of the FMR modes. They are run for a single unit cell
(450 x 450 nm?) of the MC’s hole array or an equivalently
sized region of continuous film. We employ periodic
boundary conditions and a tiled macrogeometry [51]

(33 x 33 unit cells). The following parameters are used
for the patterned MC and the unpatterned films: damping
a = 0.008, no intrinsic anisotropy, gyromagnetic ratio
21y =1.85x 10" rad/Ts, saturation magnetization Mgy =
8 x 10° A/m, and exchange stiffness A., = 13 pJ/m.

Micromagnetic simulations are used to determine the
effect of the 130-nm-wide nanoparticles on the FMR
modes. For such simulations, the simulation region is
extended vertically to enable us to explicitly include
discretized spherical nanoparticles within the simulation’s
macrogeometry. Note that, although the supplier-provided
nanoparticle size is 130 nm, we use a width of 150 nm in
the simulations, as in Ref. [30]. For nanoparticles lying
within the holes of the patterned layer, the lower surface of
the spherical particle is always aligned with the lower
surface of the magnetic layer (i.e., resting on the underlying
Si wafer). For particles on top of the ferromagnetic layer’s
surface, the lower surface of the particle is set at 10 nm
above the upper surface of the magnetic layer (i.e., sitting
on the upper surface of the nonmagnetic capping layer). For
the simulation, nanoparticles are treated as ferromagnets
with damping a = 0.05, gyromagnetic ratio y as above, and
an H-dependent M taken from magnetometry measure-
ments of freeze-dried nanoparticles [30].

MuMax3 [52] is used to obtain the presented micro-
magnetic-simulation results. The system is first initialized
with a uniform magnetization in the (0.5, 1) direction
and allowed to relax in the presence of an external field
(applied along the y axis) using MuMax3’s internal-
relaxation routine. Following the relaxation stage, an exci-
tation sinc pulse of 0.5 mT (cutoff frequency, 30 GHz; 300-ps
offset) is applied along the x axis to induce resonant
precessional magnetization dynamics. The resultant damped
ringdown of the spatially averaged x component of the
magnetization, m, (recorded in the time domain), is then
Fourier analyzed to the extract the resonant frequencies. All
resultant mode-profile visualizations are determined by
extracting the spatially resolved m, Fourier amplitudes at
each identified resonant frequency across the simulation
region. The obtained results are shown as intensity plots,
with the brightest regions corresponding to the highest
Fourier amplitudes for m, at that frequency [see, for
example, the Fig. 2(a) insets]. The Matplotlib, NumPy, and
SciPy [53,54] packages are used for analysis and visualization
of the simulation data. The -eigensolver (see, e.g.,
Refs. [31,55]) in the FinMag micromagnetic-simulation pack-
age (based on Nmag [56]) is also used for some test cases, with
good levels of agreement [30] (see, e.g., Fig. 1 in the
Supplemental Material [57]).

III. RESULTS AND DISCUSSION

A. Continuous layers

We first consider the case of particle-induced shifts of the
fundamental FMR mode in continuous, unpatterned
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FIG. 2. (a) Schematic side view of a magnetic nanoparticle above a continuous magnetic film. The in-plane stray magnetic field
generated by the particle, Hp, is strong and opposes the applied in-plane static field (H,,,) directly below it, resulting in a large
downward shift in the resonance frequency in that region (marked with a 2). In regions 1 and 3, Hp is weaker (the blue dashed lines) but
reinforces H.y, thus slightly increasing the resonance frequency. (b) Fourier-transformed time-domain simulation data for an
unpatterned film showing a small upward shift in the fundamental mode’s frequency in the presence of a particle. The upper-left inset
shows (scaled) experimental FMR traces, obtained at 12 GHz, with (solid black line) and without (dotted green line) particles on the
unpatterned film’s surface (the concentration is 0.675 ug uL.=!). The lower insets show the simulated mode profiles of the two main
modes that exist in the presence of a particle. In these simulations, the field is oriented towards the top of the page. (c) Experimentally
obtained fundamental mode shifts in an unpatterned film as a function of particle solution concentration. The presented values are the
averages of the shifts obtained at different rf frequencies (11.5-16 GHz) with the error bars showing the spread in the measured values as
well as the uncertainty related to slight variations in sample placement. (d)—(h) SEM images showing the distribution of particles on the

unpatterned film’s upper surface at the particle concentrations labeled as 1-5 in (c). White scale bars are 1 ym long.

magnetic layers where, in the absence of particles, resonant
dynamics are typically laterally uniform across the layer.
Figure 2(a) shows a schematic of the dipole field of a
magnetic particle acting on an underlying magnetic film
subject to an external in-plane static field, H.,,. The in-
plane component of the particle’s field, Hp, is strong
and opposes H.,,, directly below the particle [in region
2, Fig. 2(a)] and to the sides of the particle, the latter due to
the symmetry of the dipolar H p. Elsewhere [regions 1 and
3, Fig. 2(a)], the in-plane component of Hp is weaker but
reinforces H.,;. Subsequently, although a bare, thin mag-
netic layer has one primary resonance mode [which
corresponds to the spatially uniform fundamental mode,
shown as a dashed line in Fig. 2(b)], an additional, low-
frequency mode appears in simulation when isolated
particles are on top of the film [solid line in Fig. 2(b)].
The low-frequency mode is located beneath the particle
and to its sides, where H p opposes H.,; [see the bottom-left
inset in Fig. 2(b) while making a comparison to region 2 in
Fig. 2(a)]. Since the total field is reduced at that position, so
is the resonance frequency. The majority of the dynamics
within the layer are, however, concentrated in the remainder
of the simulation region, as seen in the bottom-right inset
of Fig. 2(b) [these areas correspond to regions 1 and 3 in

Fig. 2(a)]. This mode is slightly upshifted in frequency
[Fig. 2(b)] due to the weak H p in those regions reinforcing
H.,, which increases the total field acting on the precessing
moments. Notably, at a particle-layer separation of 10 nm,
the maximum in-plane H p directly below a single, perfectly
spherical particle will be approximately 15 times higher
than the maximum in-plane Hp at the upper and lower
boundaries of the computation cell. This effect explains the
disparity in the shift amplitudes seen for the dynamics
concentrated in region 2 versus those concentrated in
regions 1 and 3.

In a field-resolved experimental FMR trace [obtained
at a fixed frequency; see the upper-left inset of
Fig. 2(b) for an example], the predicted particle-induced
frequency upshift of the fundamental mode manifests as
a downshifted resonance field. This resonance field shift
is due to the reinforcing effect of H,, which reduces the
magnitude of the external field that must be applied to
meet the resonance condition. In Fig. 2(c), we show the
consistently negative experimentally observed shift
of the fundamental resonance for increasing particle
coverages. Different particle coverages are obtained
by applying consecutively higher concentrations of
particle-containing solutions to the film and measuring
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the FMR spectra between each application. Note that the
shift is highest for intermediate particle coverages
[Figs. 2(f) and 2(g)], where there are large numbers
of isolated particles or clusters of particles on top of the
layer. As expected, low particle coverages [Figs. 2(d)
and 2(e)] lead to a low reinforcing Hp when averaged
across the film, and thus a low measured resonance field
shift. At high coverages, however, quasicontinuous
particle layers form which also generate relatively small
shifts. These shifts are likely small because the particle
sheets approximate continuous layers which, ignoring
effects of roughness and lateral boundaries, generate
negligible stray fields.

The average resonance-frequency shift obtained from
the simulation (Sec. II B) is 34 MHz (=0.7 mT, given an
experimentally measured slope of 49.4 GHz/T for the
fundamental mode; see Fig. 2 in the Supplemental
Material [57]). This result is comparable to the maximum
experimentally observed field shift in the continuous layer
(1.3 £ 0.7 mT). Thus, we can conclude that the weak shift
observed for the continuous layer is not a result of an
intrinsically low field sensitivity of the resonance. In fact, it
is actually quite high, at almost 50 GHz/T. Rather, the
weak shift is due to the dominant FMR signal coming from
portions of the film subject to the relatively weak reinforc-
ing Hp fields that surround the particles laterally [i.e.,
regions 1 and 3 in Fig. 2(a)] instead of the more intense H p
fields located directly beneath the particles.

B. Patterned films: Hole arrays

We now turn to the nanopatterned MCs for which it is
possible to have spatially localized resonances in regions
where Hp is large. The main panel in Fig. 3(a) shows a
simulated ferromagnetic resonance spectrum at H., =
180 mT for a MC with 300-nm-wide holes on a 450-nm
square lattice. The excitation spectrum is clearly much
richer than the continuous layer with a number of resonant
modes, each having different localizations within the unit

cell [Fig. 3(b)]. The simulated traces have been differ-
entiated with respect to frequency for a more natural
comparison to the experimental FMR traces. We focus
predominantly on the side mode [SM; shown also in
Fig. 1(d)] and the extended mode (EM) with the inter-
mediate modes (IMs) and edge mode (EdM) discussed only
briefly. While the SM is largely localized between hori-
zontally neighboring holes, the EM occurs over extended
bands running between rows of holes orthogonal to the
applied field [Fig. 3(b)]. IM1-IM3 have similar local-
izations to that of the EM. Good agreement is found
between the simulation and the experiment for both the
overall mode spectrum and the frequencies of the EM and
the SM (see Fig. 3 in the Supplemental Material [57]).
Depending on the spatial localization of each mode, the
stray magnetic field from magnetized particles within the
holes has a y component which can locally reinforce or
oppose the y-oriented external field [30,58]. This result is
shown schematically for the SM and the EM in Fig. 3(b)
(one can consider the more localized modes as being
nanoscale dynamic probes for the particle stray fields).
Since the y component of H p opposes H,; where the SM is
localized, the mode’s frequency reduces due to a reduced
net field at that location. This reduction is seen in Fig. 3(a),
where we have also included the resonance spectrum that
has been simulated in the presence of a 150-nm-wide
particle at the lateral center of the simulation region’s
antidot. In contrast, the EM (and EdM) resonances shift
upwards in frequency since H p reinforces H.,, at the upper
and lower parts of the unit cell. Note that the confinement
of the modes in well-defined regions close to the particle
where the stray fields are strong [i.e., directly to the sides of
the particle (-x) and directly “in front of” or “behind it”
(£y)] results in significant shifts being induced for both the
EM and the SM (approximately 0.1-0.3 GHz: approxi-
mately 10 times larger than that observed for the continu-
ous layer). This larger shift occurs despite the sensitivities
of the MC’s EM and SM to static, uniform external fields

f deriv of FFT amp. (a.u)

L
Bare

Particle

FIG. 3. (a) Simulated frequency re-
solved FMR spectra obtained at yoH . =
180 mT applied in the y direction [see
(b)] for a 300-nm MC with (dotted blue
lines) and without (solid black line) a
150 nm wide particle within each hole.
The upper inset shows a SEM image
(1.3 x 1.3 um) of the MC, and the lower
inset shows the simulated resonance shift

Frequency (GHz)

Q05 -

of the EAM in the presence of a particle.
(b) Spatial concentration of dynamics for
a number of resonance modes within a
unit cell of the MC. A schematic of a
particle and its stray field has been added
to the EM and SM profiles.
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being comparable to that of the continuous layer’s funda-
mental mode. The EAM and IMs also display clear positive
shifts in the presence of a hole-localized particle [Fig. 3(a)],
consistent with the fact that they, like the EM, have their
dynamics concentrated in the upper and lower portions of
the unit cell (i.e., also subject to Hp > 0).

Following the same protocol as for the continuous layer
in the previous section, we measured the SM and EM
shifts versus particle concentration experimentally in a
300-nm MC (i.e., an MC with 300-nm-wide holes). The
EM resonance field decreases since Hp locally increases
the magnetic field [Fig. 4(a)]. The consequence of this
decrease is that the resonance can be attained experimen-
tally at a lower H, at each microwave frequency. The
resonance fields of IM1-IM3, which have an EM-like
localization, also shift downward experimentally (see
Fig. 4 in the Supplemental Material [57]). In contrast,
the SM resonance field increases because Hp locally
shields the SM from H. [Fig. 4(b)]. This results in a
larger H.,, having to be applied to attain the resonance
condition. These shift directions are consistent with those
seen in the frequency-resolved simulation data [Fig. 3(a)].
Quantitative comparisons of the measured and simulated
shifts are made below.

0.05+

0.004 .-

(d) 88588

-0.05+

As seen previously for low coverages [30], we observe a
continuing increase of the shift magnitudes, with particle
coverage over a very wide range of coverages [Fig. 4(c)].
For lower nanoparticle-solution concentrations, the major-
ity of the particles are found within the holes [Figs. 4(d)
and 4(e)], with both the percentage of filled holes and the
percentage of particles lying within the holes increasing
with the concentration of the applied particle solution (see
Fig. 5 in the Supplemental Material [57]). Saturation
of the shifts commences at the penultimate concentration,
where a quasicontinuous layer of particles forms
[Fig. 4(h)]. Notably, the maximum shifts in the MC are,
as expected from the simulation, significantly higher (up to
10 times) than the maximum shift observed in the con-
tinuous layer. Note that the continuous-layer data from
Fig. 2(c) has been plotted with the MC data in Fig. 4(c) to
enable a direct comparison. Note also that while the
continuous-layer resonance-field shifts decrease when a
quasicontinuous particle sheet forms, in the MC sheet
formation increases the observed shifts, an effect which is
reproduced below via simulation.

We now discuss the reproduction of the observed shifts
for the EM and the SM [Fig. 4(c)] at the two coverages
which can be most easily simulated. The first coverage is
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(Scaled) experimental FMR traces (obtained at 12 GHz) showing shifts in the (a) EM and (b) SM resonances for increasing

particle concentration. (c) The experimentally obtained EM and SM shifts for a 300-nm MC as a function of particle concentration.
Horizontal dashed and solid lines show the simulated EM and SM shifts, respectively, for one particle per hole and the “disk + layer”
geometry (the latter is discussed in the main text and is designed to replicate the effect of hole filling and continuous sheet formation).
The error bars are a measure of the spread of shifts across the measured frequency range (11.5-16 GHz) and also include the
uncertainties related to slight variations in sample placement. The continuous film’s fundamental mode shift versus particle
concentration [Fig. 2(c)] is also plotted (blue open circles) for a direct comparison with the patterned film. (d)—(h) SEM images
showing cluster-shaped nanoparticles inside holes and on the upper surface of the MC at the particle concentrations labeled as 1-5 in (c).
White scale bars are 1 gm long. The first four data points for the EM and the SM in (c) as well as the bare and two-lowest concentration

traces in (a) were presented previously [30].
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that obtained for 0.225 ug/ul, where there is approxi-
mately one particle in each hole [Fig. 4(e)]. There,
simulations are carried out by adding a 150-nm-wide
particle to the simulation at the hole center (as already
described in Sec. II B) and observing the resultant shifts
in the FMR-mode frequencies. For the high-coverage
scenario, we replaced the particle with a disk (having a
diameter 40 nm less than the hole diameter) which is
covered by a contiguous 150-nm-thick continuous layer.
This “disk + layer” had the same magnetic properties as the
spherical particles (Sec. II B). It successfully approximated
the high-particle-coverage scenario [Figs. 4(g) and 4(h)],
where the filled holes are covered by a semicomplete
particle sheet. The simulated shifts, converted from fre-
quency shifts to field shifts using the data from Fig. 3(a) in
the Supplemental Material [57], are shown in Fig. 4(c).
There, we show the simulated shifts for the EM and the SM
for one particle per hole (the horizontal dashed line) and
full particle coverage (the solid dashed line). There is
excellent agreement between these values and the shifts
experimentally obtained, respectively, at the fourth and
final coverages.

The simulated and experimental FMR resonance-field
shifts given above are the averages of the shifts obtained at
the different rf frequencies used in the experiment (11.5-
16 GHz). When we change the rf frequency, however, we
change the resonance field for each mode [as per Fig. 3(a)
in the Supplemental Material [57]], and this change enables
a measurement of the field dependence of the nanoparticle-
induced FMR resonance-field shift. At low H,., the
magnetization of the particles is reduced which sub-
sequently reduces the shift observed for the SM (note that
only the SM can be measured at low field for our frequency
range). This reduced shift is shown in Fig. 5 with good
agreement between the simulation and the experiment:
experimental data has been obtained at 0.225 ug/uL, with

2 51e 02259/l —0—Sim ——Nanoparticle M, |300 =
-~ Q
& ¢ ~3
S 4 1200 2 g
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2 38
g 2 ¢ 100 ]
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Applied magnetic field (mT)
FIG. 5. (Left axis) Resonance-field shift versus external applied

field for the SM in the 300-nm MC at 0.225 pg/uL, together with
simulated SM-mode shifts for the case of one particle per hole. The
simulated frequency shifts obtained are converted to fields using the
data from Fig. 3(a) in the Supplemental Material [57]. Error bars on
the experimental data points are due to uncertainties in sample
placement. (Right axis) 130-nm-particle magnetization per unit
volume at 300 K (measured using superconducting quantum-
interference device magnetometry; the data were previously pub-
lished in Ref. [30]).

the simulated shifts obtained under the assumption of one
nanoparticle per hole (as above). Note that the simulations
take into account the field-dependent moment of the
particle which is also given in Fig. 5. The resonance-field
shift is found to follow the H ;-dependent-particle moment
quite closely, approaching saturation at high field. This
result highlights the ability to carry out resonance-based
sensing even at high fields [31], where nanoparticle
moments can be maximized. Field-dependent experimental
resonance-field shifts for the SM and the EM at all
coverages (up to pgHe = 320 mT for the EM), together
with simulation results, are shown in Fig. 6 in the
Supplemental Material [57].

We also demonstrate the ability to carry out particle
sensing with a second MC having smaller holes (240 nm),
but the same lattice pitch as the 300 nm MC. Analogous
effects are observed, except that the shifts are reduced. The
shifts can, albeit, be reproduced by assuming a filling
proportional to the hole size (see Fig. 7 in the Supplemental
Material [57]). This scenario is consistent with the reduced
shifts having resulted from a reduced capability of filling
rather than an intrinsically lower field sensitivity of the
modes. Indeed, the intrinsic field sensitivities are compa-
rable to those for the MC with 300-nm holes [see Figs. 3(a)
and 3(c) in the Supplemental Material [57]].

C. The role of particle size and localization

In Figs. 6(a)-6(d), we show shifts in the EM resonance
field induced by particles with different diameters: 6 nm,
50 nm, 0.88 um, and 4.14 um. Clear shifts are observed in
all cases, demonstrating the compatibility of this sensing
method with a very large range of particle sizes. As
explained below, however, the polarities of the observed
shifts depends on the size of the particles relative to the
size of the holes. Before concentrating on the shift
polarities, we briefly note that, as seen in Figs. 4(a) and
4(b) and Figs. 6(a)-6(d), the dominant effect of both
nanoparticles and beads is typically a resonance shift,
albeit accompanied by a relatively weak degree of line-
width broadening. Exceptions are the 0.88-um particles and
the highest-coverage scenario for the 6-nm particles, where
broadening and shifts are comparable.

Opposing SM and EM shift polarities [as already seen in
Fig. 4(c) for the 130-nm particles] are also observed for two
other particle types, with the common aspect of these particles
being that they can enter the MC’s holes due to their small
size: 6-nm-wide particles [see Fig. 6(a) and Fig. 8 in the
Supplemental Material [57]] and 50-nm-wide particles
[Figs. 6(b) and 6(e)-6(g)]. In both cases, the overall trend,
aswiththe 130-nmparticles, is astronger shift withincreasing
particle coverage. This trend is seen clearly in Figs. 6(a)
and 6(b), which show consecutively larger shifts of the EM
resonance for both particle sizes. Note that a clear SM shift is
seen for the 6-nm particles only at the highest concentration
(see Fig. 8 in the Supplemental Material [57]).
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(Scaled) experimentally obtained EM FMR traces obtained at 12 GHz showing a decrease in resonance field with an increase

in concentration of (a) 6-nm nanoparticles, (b) 50-nm nanoparticles, (c) 0.88-um magnetic beads, and (d) 4.14-um magnetic beads.
(e) EM and SM shifts as a function of applied 50-nm-particle concentrations. (f,g) SEM images showing the distribution of 50-nm
particles at the particle concentrations labeled as 1 and 2 in (e). (h) EM and SM shifts as a function of applied 0.88-ym-bead
concentrations. (i,j) SEM images showing the distribution of 0.88-um-wide magnetic beads at the particle concentrations labeled as 1
and 2 in (h). The error bars in (e) and (h) are a measure of the spread of shifts across the measured frequency range (11.5-16 GHz) and
include the uncertainty related to slight variations in sample placement. The white scale bars are 1 ym long.

For particles with diameters that are larger than the
hole diameter however, both the SM and the EM are
characterized by negative-polarity field shifts. The relevant
data is shown in Figs. 6(c) and 6(h)-6() (0.88-um beads)
and Fig. 6(d) (4.14-um beads; see also Fig. 8 in the
Supplemental Material [57]). This behavior mirrors that
observed for the fundamental FMR mode in the continu-
ous, unpatterned layer in the presence of 130-nm-wide
nanoparticles. This result suggests that, for large particles
which are not predominantly hole localized, the dominant
shift, as for the continuous layer, comes from in-plane
fields which are generated by surface-located beads and

which reinforce H.,. Note that, although there is some
centering of the 0.88-um particles on top of holes observed
at low concentrations [the two bottom-right particles in
Fig. 6(1)], the larger particles are typically randomly
distributed across the MC. As a result, for purely-
surface-located beads, both the EM and the SM shift in
the same direction since, when taking a macroscopic
average over the sample, both of the modes are subject
to equivalent parts of the particle-generated field profiles.

However, even with the nanoparticles, significant
numbers of isolated particles or groups of particles also
can be surface located. This observation has already been
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highlighted for the 130-nm particles (Fig. 4) and can be
seen clearly in Fig. 6(g) for the 50-nm particles. The shifts
induced by isolated surface-located nanoparticles have
been calculated via simulation for three different surface
positions [scenarios II-1V in Fig. 7(a)] where simulated
shifts of the SM and EM due to surface-located
particles are compared to the shifts induced by a
hole-located particles [scenario I in Fig. 7(a)]. The
shifts, measured relative to the FMR frequency for a
bare MC, are given in Figs. 7(b) and 7(c).
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FIG. 7. (a) Schematics showing the particle positions with
respect to the MC hole for scenarios I-IV, described below.
Simulated (b) SM and (c) EM frequency shifts measured with
respect to the bare frequency for a 150-nm particle located within
the MC hole (I) and at various positions on the MC surface
(II, above the SM region; 11T and IV, above the EM region). Large
reductions in a mode’s frequency (marked with an asterisk) are
observed when a particle is above the region of the MC
containing that mode. (d) Experimentally observed changes in
the EM and SM resonance linewidths as a function of 130-nm-
particle concentrations applied to the 300-nm MC. The error bars
are a measure of the spread of linewidth broadening across the
measured frequency range (11.5-16 GHz) and include uncer-
tainties associated with sample replacement. Data for the lowest
four concentrations are taken from Ref. [30].

When a particle is directly above the position where a
mode’s dynamics are concentrated, it can generate a
resonance shift which is larger than that observed for
hole-localized nanoparticles. Indeed, because of the
geometrical confinement of FMR modes in the MC,
the whole region containing the mode can be subject to
the strong Hp which exists below a particle. This field
opposes H, and is thus capable of strongly decreasing the
resonance frequency of that mode. These strong reductions
in the frequency are marked with asterisks in Figs. 7(b) and
7(c). They occur for the SM in scenario II, where the
particle lies directly above the region where the SM is
localized, and for the EM in scenarios III and IV, where the
particle lies at points that are directly above the EM
excitation band. When the EM or SM resonance frequency
is strongly downshifted, the other mode experiences a
weaker upshift since the other mode’s dynamics will be
located at a region where Hp is weak but reinforces H.,;,
thus increasing the FMR frequency [equivalent to regions 1
and 3 in Fig. 2(a)]. The critical point here, though, is that
the placement of small particles on the MC’s upper surface
is quite random within the unit cell. As a result, and as
observed in the experiments on the 130 nm nanoparticles,
the resonance shifts observed for the macroscopic MC are
dominated by those induced by the hole-localized particles,
even though the shifts induced locally by individual
surface-located particles can be high with position-
dependent polarities.

As already discussed (Sec. III B), in the experiments
carried out with 130-nm particles, the majority of the
particles are hole localized at low coverages and thus it is
those particles which have a dominant effect on the modes
(i.e., frequency downshifting for the SM and upshifting for
the EM). At the other extreme (i.e., for high coverages),
sheets form and, as already shown, the change is such
that it reinforces the effect of hole-localized nanoparticles
[Fig. 4(c)]. At intermediate coverages, however, there is a
large number of isolated particles (or small groups of
particles) on the MC’s upper surface [e.g., the fifth-highest
concentration; see Fig. 4(f)] and it is at this point that we
observed a maximum in the linewidth broadening—the
linewidth has been plotted versus particle concentration in
Fig. 7(d). We propose that the large quantity of surface-
located particles at these concentrations broadens the
resonance linewidth by generating localized upshifting
and downshifting across the macroscopic MC. The for-
mation of a quasicontinuous layer of particles at higher
coverages, however, would be expected to reduce the
strong localized fields generated underneath the particles.
Indeed, at these higher coverages, there is a slight reduction
of the linewidth [Fig. 7(d)], consistent with a reduced
contribution from isolated surface-located particles. We
also note that distributions in the particle sizes [as can be
identified in Figs. 4(d)—4(h)] will contribute to linewidth
broadening since smaller (larger) particles will generate
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smaller (larger) shifts (see Fig. 9 in the Supplemental
Material [57]). This broadening will be unidirectional for a
given mode, however, since both smaller and larger hole-
localized particles generate shifts of the same polarity.

IV. CONCLUSION

In this paper, we demonstrate the use of nanoconfined
ferromagnetic-resonance modes in nanopatterned magnetic
layers for sensing a wide range of magnetic-particle sizes.
This demonstration is motivated by the potential for the
development of frequency-based (rather than voltage-
based) sensing methods for use in magnetic biosensing.
Resonance-based particle detection is carried out for
magnetic particles with sizes ranging from 6 nm to
4 um. The particles’ stray magnetic fields act directly on
the precessing moments within the magnetic layers, gen-
erating significant shifts in the resonance fields (or,
equivalently, the resonant frequencies). Thanks to this
direct action, the observed resonance shifts in our hole-
based patterned ferromagnet can be maintained over large
ranges of fields, meaning that resonance-based nanoparticle
detection can be used in the presence of strong magnetic
fields, where particle moments (and thus particle-generated
fields) can be maximized. Even in the macroscopic hole
array studied here, the dominant effect of the particles is
typically a resonance shift rather than a broadening of the
resonance linewidth, a result which is encouraging for the
future implementation of a sensing method based on
sensitively detecting changes to resonance frequencies.

In this work, we also identify different characteristics in
the resonance shifts for small and large particles. For small
particles, their preferential capture in our system’s nano-
scale holes means that the majority of the particles act on
the resonance modes in unison, generating clear, mode-
dependent resonance shifts and mode-dependent shift
polarities which persist to very high particle coverages.
Shifts at intermediate and large particle coverages can be
well reproduced via simulation for the 130 nm particles. In
contrast to the case of small particles, however, the effect of
microbeads is analogous to that seen in continuous films,
with the two major resonance modes both shifting weakly
in the same direction. This effect is due to a lack of particle
localization with respect to the spatially periodic nanoscale
regions where the modes are localized. Although subopti-
mal, detection is nevertheless achieved in such geometries,
albeit with low resonance shifts which are similar to those
observed in continuous films. Note that the ability to detect
particles is determined not only by how sensitive the
frequency is to changes in the magnetic field but also by
the ability to generate clear modifications to these frequen-
cies due to favorable particle positioning. A proper choice
of particle size and reliable positioning of particles close to
well-localized modes is thus a critical factor in resonance-
based sensing.
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APPENDIX: ADDITIONAL MAGNETIC-
PARTICLE DETAILS

The following particles are used for the sensing
experiments. (i) (6 = 1)-nm-wide iron-oxide nanoparticles
(see below). (ii) nanomag-D(-spio) cluster-shaped particles
(79-00-501 and 09-00-132; Micromod Partikeltechno-
logie GmbH) with stated diameters of 50 and 130 nm.
(iii) 880-nm-wide magnetic beads (PMCIN; Bangs
Laboratories, Inc.) consisting of iron-oxide nanoparticles
within a polymer matrix. (iv) 4.14-um beads (PM-40-10;
SpheroTech, Inc.) consisting of a polystyrene core coated
with a mixture of polystyrene and magnetic nanoparticles.
Concentrations of commercial particle solutions (all aque-
ous) are determined from the manufacturer’s specifications
after dilution in purified water. The 6-nm iron-oxide nano-
particles are synthesized under standard Schlenk conditions
using the methodology developed by Sun et al. [59]. Briefly,
Fe(acac)® (0.7 g, 2 mmol) and 1,2-hexadecanediol (2.5 g,
10 mmol) are dissolved in benzyl ether (20 mL) containing
oleylamine (6 mmol) and oleic acid (6 mmol). The resulting
mixture is heated at 200 °C for 2 h, increased to 260 °C, held
for 1 h, then cooled to room temperature. The particles are
precipitated by the addition of ethanol (40 mL), centrifuged
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(5000 rpm, 10 min), and redispersed in 1,2-dichlorobenzene
to the required concentration. These particles have been
fully characterized by a range of routine techniques (see
Fig. 10 in the Supplemental Material [57]).
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